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Manganese was found by Wilgus, Norris and Heuser (736, 
37 a) to be markedly effective in preventing the incidence of 
perosis in chicks. The symptoms of perosis generally recog- 
nized are enlargement of the tibio-metatarsal joint, twisting 
and bending of the distal end of the tibia and of the proximal 
end of the tarso-metatarsus and slipping of the gastroc- 
nemius tendon from its condyles. 

In addition to these symptoms Herner and Robinson (’32) 
and Wilgus, Norris and Heuser (’37b) reported that fre- 
quently the leg bones of chicks fed perosis-producing diets 
are thickened and shortened. In some instances the thicken- 
ing and shortening of the leg bones was observed unaccom- 
panied by other symptoms of perosis. On the other hand, 
Titus (’32) stated that in rickets the tarso-metatarsi and to 
some extent the tibiae are shortened and thickened whereas in 
perosis these bones are not affected in this manner. Also 
Holmes, Pigott and Moore (’33) measured the tibiae of 
normal chicks and of chicks afflicted with slipped tendon fed 
the same diet and concluded that the results obtained did not 
reveal any significant differences. 

*On sabbatical leave of absence from the Oklahoma Agricultural and Mechanical 
College, 1937-1938. 

*On sabbatical leave of absence from the Oklahoma Agricultural Experiment 
Station, 1936-1937. 
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Later Gallup and Norris (’38) made a preliminary report 
of the results of measuring the leg bones of chicks afflicted 
with perosis as a result of being fed a low-manganese diet 
and of normal chicks fed an adequate diet. They found that 
the chicks suffering from perosis had leg bones 7 to 8% 
shorter than those of the normal chicks of the same weight, 
sex and age. These workers also reported that a large per- 
centage of the chicks hatched from eggs of low-manganese 
content have short lee bones. This observation is in agree- 
ment with a report by Lyons and Insko (’37) that chondro- 
dystrophic embryos characterized by shortened and thickened 
legs, short wings and other deformities were produced from 
the eggs of hens fed a low-managanese diet. The difference 
between the length of the leg and wing bones of chondro- 
dystrophic embryos and those of normal embryos was es- 
pecially striking. 

Although the results previously discussed are not in com- 
plete agreement it appeared probable that manganese plays 
a more important role in the bone development of the chick 
than merely the prevention of the anatomical deformities of 
the legs generally recognized as symptoms of perosis. Hence, 
a detailed study was initiated to determine the significance 
of the difference in bone development between chicks afflicted 
with perosis and normal chicks observed by Gallup and Norris 
(’38). 


EXPERIMENTAL PROCEDURE AND RESULTS 


Two lots of 100-day-old Rhode Island Red chicks were fed 
low-manganese (5.5 p.p.m.) and adequate-manganese (100 
p.p.m.) diets respectively. The basal diet used was a modifi- 
cation of that used by Wilgus, Norris and Heuser (’37 b). 
The substitution of 20% of degerminated yellow cornmeal for 
a like amount of ground yellow corn and the replacement 
of fish meal with meat scrap were the principal changes in 
the diet. 

At the end of 2 weeks and weekly thereafter for 4 weeks 
chicks approximately representative of the !ow-manganese lot 
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as determined by the weight distribution curve were paired 
with representative chicks of the same sex and weight from 
the adequate-manganese lot. The chicks were killed and the 
femurs dissected out with cartilage caps in place. Then the 
bones were measured, weighed individually and the amount 
of moisture, fat and ash determined. 

The results presented in table 1 show that at 2 weeks of 
age the femurs of the Rhode Island Red chicks fed the low- 
manganese diet were approximately 1.8% shorter than those 
of the chicks of the same age, sex and approximately the same 


TABLE 1 


Effect of manganese on the development of the femurs of chicks? 


ODDS THAT 


CHICKS AVERAGE 
NGANESE ¢ ; rr ER . 
” - NS a; PER mts a LENGTH DIFFERENCE a ae ” 
GROUP . OF FEMURS See 
FICANT 2 
p.p.m gm mm. o/ 
Age 2 weeks 
5.5 11 120.0 33.8 
7 pa 1.8 17 1 
100 11 118.6 34.4 
Age 3 weeks 
5.5 11 172.5 38.0 a 713-1 
~s< ) i o 
100 11 173.0 41.1 ; 
Age 4 weeks 
5 5 if) ooo R 4? 3 
8.7 3332: 1 
100 i) 222.0 46.4 


*Rhode Island Red. 


*Student’s method. 


weight fed the adequate-manganese diet. At 3 weeks of age 
the difference had increased to 7.5% and at 4 weeks to 8.7%. 
These results when analyzed by Student’s method were found 
to be highly significant. Beyond 4 weeks of age no direct com- 
parisons of bone length were made, since manganese de- 
ficiency was beginning to retard the growth rate seriously 
which would make it necessary to pair the more rapidly grow- 
ing chicks of the low-manganese lot with the slower growing 
chicks of the adequate-manganese lot. 

It was decided, therefore, to use chicks of different age 
but of the same weight and sex in making a series of com- 
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parisons. The results presented in table 2 show that, even 
though the low-manganese chicks were older than those with 
which they were compared, their femurs were 5.7% shorter, 
a difference which proved to be highly significant statistically. 

In making the same type of comparison in another experi- 
ment with the exception that growth was retarded by a de- 
ficiency of riboflavin instead of manganese it was found that 
the older retarded chicks had the longer bones in spite of 
the fact that their weights were approximately the same as 
those of the younger, normal chicks. It appears, therefore, 
that the shortening of the bones in the low-manganese lot is 
not connected with the growth-retarding effect of a deficiency 
of manganese. 

TABLE 2 


Effect of manganese on the development of the femurs of chicks’ of the 
f I J J 


same weight but of different age 


, =" ODDS THAT 
MANGANESE CHICKS AGE OF AVERAGE mprmecinnseny DIFFERENCE 
. _ . - . = LENGTH DIFFERENCE nm iia 
IN DIET PER GROUP CHICKS WEIGHT OF FEMURS IS SIGNI 
‘ FICANT 2 
p.p.m wk. gm. mm. % 
oo m ” = - 
5.5 15 7 529.4 54.4 on 
- . -~oO = =< v4 311: 1 
100 15 6 920.5 Died 


* Rhode Island Red. 
?Student’s method. 


Since chicks fed a diet deficient in manganese are con- 
sistently retarded in growth, it was thought advisable to 
compare the bone length of two lots of retarded chicks, one 
of which was retarded in growth by a deficiency of manganese, 
the other by injection of excess quantities. The results of 
this study are presented in table 3. They show that the length 
of the femurs of the chicks, the growth of which was retarded 
by means of a low-manganese diet, was 8.3% shorter than 
that of the chicks whose growth was retarded by the injec- 
tion of excess manganese. This difference by Student’s 
method was found to be highly significant. 

In the foregoing the comparisons of bone length were made 
between paired chicks. Since the chicks selected were not an 
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absolutely representative sample of the lot, it was felt de- 
sirable to use some method which would give a more complete 
comparison between the two lots as a whole. By plotting 
upon logarithmic paper the average length of the femurs 
against the average body weight of chicks from representative 
samples of the two lots curves were obtained the slopes of 
which gave the ratio of the increase in bone length to in- 
crease in body weight. The slope of the curve of the low- 
manganese lot was found to be less than that of the high- 
manganese lot. This showed that the retardation in growth 
of the bones in length is less than the retardation in increase 
in body weight of the chicks. 


TABLE 3 


Effect of manganese on the development of the femurs of retarded chicks * 


CHICKS AVERAGE AVERAGE ODDS THAT 
RETARDED BY PER GROUP Waesene LENGTH OF DIFFERENCE DIFFERENCE 
_— aa FEMURS IS SIGNIFICANT # 
gm. mm. % 
Low-manganese diet 7 365.0 44.3 
Injection of excess 8.3 330: 1 
manganese 7 356.5 48.3 


* Rhode Island Red, age 6 weeks. 
?Student’s method. 


The bones of the wings are affected by a deficiency of 
manganese the same as the bones of the legs but not quite 
to the same extent. At 3 weeks of age it was found that the 
average shortening of the femurs of chicks fed a_ low- 
manganese diet was 8.3%, the tibiae 9.5% and the tarso- 
metatarsi 5.7% whereas the average shortening of the humeri 
was 6.8%, the ulnae 6.7% and the metacarpi 2.2%. It was 
observed also that the spinal column of day-old chicks of 
hens fed a low-manganese diet is frequently shorter than that 
of day-old chicks of the same weight of hens fed an adequate 
diet. As a result of the effect of a deficiency of manganese 
upon bone development, the body conformation of the chick 
is altered, resulting in a stockier individual with a deeper 
body. In figure 1 are presented illustrations of the effect of 
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a deficiency of manganese upon the development of the bones 
of the legs and wings. 

The results of twenty comparisons of the leg bones of 
White Leghorn chicks 4 weeks old agree essentially with those 
obtained in the studies on Rhode Island Red chicks. The 
tibiae of the White Leghorn chicks on the low-manganese diet 
averaged 2.6% shorter than those of their adequately fed 


Kanganese Maneanese 


e 9 
50 a ee P-P.m. 50 p.P-m. 10 D.P-m 80 y.P-B- 10 p.9-B- 
edited Radius Olas 
Pesur Tibie Metatereus 
Females Age 6 weeks Feight 275 rrans 


Fig.1 Effect of manganese on the development of the leg and wing bones 
of chicks. 


controls, and the tarso-metatarsi averaged 1.4% shorter. The 
smaller differences in bone length shown by this breed agree 
with the observation that White Leghorn chicks are less sus- 
ceptible to perosis than the American breeds. Recent experi- 
ments showed that the manganese requirement of White Leg- 
horn chicks is relatively low (Insko, Lyons and Martin, ’38; 
Gallup and Norris, ’39 a). 
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The essentialness of manganese for the normal develop- 
ment of bone in the chick is further emphasized by the results 
of measurements of the leg bones of day-old chicks hatched 
from the eggs of hens fed low-, medium- and high-manganese 
diets. The results are presented in table 4. They show that 
a manganese deficiency in the diet of hens results in the de- 
velopment of short leg bones in the chicks hatched from their 
eggs. 

The chicks hatched from the eggs of two hens in the second 
low-manganese lot were exceptions, however, to this state- 
ment as they possessed leg bones of normal length. This is 
explained by the fact that upon analysis the eggs of these 


TABLE 4 
Effect of the manganese content of the maternal diet upon embryonic 
bone development 








Pe ee  pay-onp | AVERAGE BONE LENGTH DIFFERENCE 
MANGANESE IN pa ny EN reese tence conte CO erin : 
MATEBEAL DIST PERGROUP | TIBIA METATARSUS TIBIA METATARSUS 

p.p.m. mm. ee mm. iva, ry an as! 7s % ae 
13 16 26.0 18.7 
9 
53 6 29.7 21.8 — = 
13 12 27.4 19.7 
200 25 31.5 23.2 18.1 15.1 











*New Hampshire. 


hens were found to contain 0.063 mg. of manganese per 
100 gm. of dry egg yolk, presumably because of a more effi- 
cient transfer of manganese from the diet to the egg, while 
those of the other hens in this lot contained only 0.039 mg. of 
manganese per 100 gm. Gallup and Norris (’39 b) and others 
showed that hens fed a low-manganese diet generally lay eggs 
of low-manganese content. 

The retardation in bone length in chicks fed a low- 
manganese diet cannot be explained on the basis of an in- 
creased water content in the body which would make it appear 
that relatively the body was developing faster than the bones. 
A study of the gross composition of chicks fed a low- 
manganese diet and of chicks fed an adequate-manganese diet 
at 4 weeks of age showed that the body composition of both 
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groups of chicks was approximately the same, the former 
containing 69.3% water, 5.81% fat and 3.90% ash and the 
latter containing 69.3% water, 4.91% fat and 3.93% ash. 

In table 5 are presented the results of a study of the ash 
content of the femurs of representative chicks from the low- 
manganese and adequate-manganese lots. The ash content 
of the femurs of the low-manganese chicks decreased slightly 
with increase in age whereas that of the adequate-manganese 
chicks remained approximately constant. The differences in 


TABLE 5 
Effect of manganese on the ash content of the femurs of chicks* 























AVERAGE ASH IN 
“iu pier | rsmorour | waionr | (HIGHT | vat vege | ¢ vatur® 
p.p.m. gm. | gm. % 
Age 2 weeks 
5.5 15 120.2 | 0.727 40.66 $149 
100 15 122.1 0.742 42.01 ; 
Age 3 weeks 
5.5 15 | 1666 | 1.30 42.80 0.987 
100 3 6| «1797 | 1287 43.42 — 
} Age 5 weeks 
5.5 15 | 2680 | 2.10 41.65 anes 
100 15 | 38812 | 285 44.78 ‘ 
Age 6 weeks 
5.5 15 300.7. | 2.74 40.45 e250 
100 15 | 448.0 | 3.77 44.35 = 








* Rhode Island Red. 
*For odds of 19 to 1 t must have a value of 1.990. For odds of 99 to 1 
t must have a value of 2.638. 


the ash content at 5 and 6 weeks of age are highly significant 
statistically. They are not due to difference in size of chick, 
since the bone-ash content of the low-manganese chicks at 
6 weeks of age was less than that of the adequate-manganese 
chicks at 3 weeks of age at which time the former chicks 
weighed more than the latter. The results obtained in this 
study on the bone-ash content of chicks fed a low-manganese 
diet do not agree with those of other workers (Hogan, Shrews- 
bury and Kempster, ’28; Hunter and Funk, ’30; Hall and 
King, ’31 and others) whose studies on the ash content of the 
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bones of chicks afflicted with perosis failed to reveal any 
marked variation from the normal. 

The reduction in bone ash in the low-manganese lot was 
not due to rickets in the generally accepted meaning of the 
term. The diet fed the chicks in the low-manganese lot as 
well as that fed the adequate-manganese lot contained ap- 
proximately 1.85% of calcium and 0.85% of phosphorus, 
amounts according to Wilgus (’31) in excess of the minimum 
requirements for normal bone formation. These diets also 
contained approximately 65 A.O.A.C. units of vitamin D per 
100 gm., three times the minimum amount found necessary to 
prevent rickets by Murphy, Hunter and Knandel (’36). The 
serum calcium * of the chicks fed these diets was within the 
normal range of 10 to 12 mg. per 100 cc. of blood serum. 
In studies on the relation of vitamin D to the manganese re- 
quirement‘ it was observed that in chicks fed the same low- 
manganese diet plus 20 A.O.A.C. units of vitamin D per 
100 gm. the calcification of the bones was normal upon ex- 
amination in accordance with the procedure of McCollum, 
Simmonds, Shipley and Park (’22). Also no difference in 
calcification was observed by Gallup and Norris (’38) as a 
result of x-ray examination of the leg bones of chicks fed 
a low-manganese diet and those of chicks fed an adequate diet. 
For these reasons it appears highly improbable that manga- 
nese favorably influences vitamin D utilization. Rather it 
has been found by Caskey and Norris (’38) that the effective- 
ness of manganese in preventing perosis in chicks fed a high- 
calcium, high-phosphorus diet is decreased when an adequate 
amount of vitamin D is supplied. 

In view of these considerations the conclusion that manga- 
nese along with vitamin D is concerned with calcium and 
phosphorus metabolism in the chick appears inescapable. 
This conclusion is supported by the results of Caskey and 
Norris (’38) showing that the breaking strength of eggs and 
egg-shell ash (CaQ) are directly correlated with the manga- 
nese content of the diet fed the hens. It is also supported by 
** Unpublished results. 








416 CASKEY, GALLUP AND NORRIS 


the results of Wiese, Johnson, Elvehjem and Hart (’38) who 
found that blood and bone phosphatase and ester phosphorus 
of the blood are depressed in manganese deficiency in the 
chick. The corollary of this conclusion is that the abnormal 
shortening of the bones of chicks is probably the direct effect 
of the upset in calcium and phosphorus metabolism resulting 
from manganese deficiency. 


CONCLUSIONS 


A deficiency of manganese in the diet of chicks results in 
a significant shortening of the bones of the legs and wings 
as well as a shortening of the spinal column. The shortening 
of the bones cannot be explained by an alteration in the gross 
composition of the body, since the body composition of both 
lots of chicks was found to be approximately the same. 

It was also found that the ash content of the bones of chicks 
fed a low-manganese diet was significantly lower than that 
of chicks fed an adequate diet. This was not due to the de- 
velopment of a rachitic condition from defective vitamin D 
utilization, as the low-manganese diet contained excess 
vitamin D, serum calcium was within the normal range and 
examination of the leg bones by means of the x-ray and by 
staining sections with silver nitrate showed calcification to be 
normal. 


ACKNOWLEDGMENT 


The authors wish to express their deep appreciation to the 
Cooperative Grange League Federation Exchange, Inc., 
Ithaca, New York, which made this work possible by the es- 
tablishment of a special temporary fellowship at Cornell 
University. 

















MANGANESE AND BONE DEVELOPMENT 417 


LITERATURE CITED 


Caskey, C. D., anp L. C. Norris 1938 Further studies on the role of manganese 
in poultry nutrition. Poul. Sci., vol. 17, p. 433. 
GatLup, W. D., anp L. C. Norris 1938 The essentialness of manganese for 
the normal development of bone. Science, vol. 87, p. 18. 
1939a The amount of manganese required to prevent perosis in 
the chick. Poul. Sci., vol. 18, p. 76. 
1939b The effect of a deficiency of manganese in the diet of the 
hen. Poul. Sci., vol. 18, p. 83. 
Hau, G. E., anD E. J. Kina 1931 Calcium and phosphorus metabolism in the 
chicken. Poul. Sci., vol. 10, p. 259. 
Herner, M. C., anD A. D. Rospinson 1932 A study of leg-bone deformities in 
growing chicks. Poul. Sci., vol. 11, p. 283. 
Hogan, A. G., C. L. SHREwsBuRY AND H. L. Kempster 1928 Rapid growth of 
chicks on rations of natural foodstuffs. J. Agr. Res., vol. 37, p. 115. 
Hotmes, A. D., MADLEINE G. Picorr anD W. B. Moore 1933 Mineral content 
of tibiae from chicks with slipped tendon. Poul. Sci., vol. 12, p. 356. 
Hunter, J. E., anD E. M. Funk 1931 The production of ‘slipped tendon’ 
in chicks by experimental feeding. Proc. Poul. Sci. Assoc., 22nd ann. 
meet., p. 45. 
Insko, W. M., Jz., M. Lyons anp J. H. Martin 1938 The quantitative re- 
quirement of the growing chick for manganese. J. Nutrition, vol. 15, 
p- 621. 
Lyons, M., anp W. M. Insxko, Jk. 1937 Chondrodystrophy in the chick embryo 
produced by manganese deficiency in the diet of the hen. Ky. 
Agr. Exp. Sta. Bull. 371. 
McCotium, E. V., N. Stmmonps, P. G. SHIPLEY anp E. A. Park 1922 A deli- 
cate biological test for calcium-depositing substances. J. Biol. Chem., 
vol. 51, p. 41. 
MourpHy, R. R., J. E. HUNTER anp H. C. KNANDEL 1936 The vitamin D re- 
quirements of growing chicks and laying hens. Penn. Agr. Exp. 
Sta. Bull. 334. 
Tirus, H. W. 1932 Perosis, or deforming leg weakness in the chicken. Poul. 
Sci., vol. 11, p. 117. 
Witeus, H. 8., Jz. 1931 The quantitative requirement of the growing chick for 
calcium and phosphorus. Poul. Sci., vol. 10, p. 107. 
Wuavs, H. 8., Jr., L. C. Norris anp G. F. Heuser 1936 The role of certain 
inorganic elements in the cause and prevention of perosis. Science, 
vol. 84, p. 252. 
1937a The role of manganese and certain other trace elements 
in the prevention of perosis. J. Nutrition, vol. 14, p. 155. 
1937 b The effect of various calcium and phosphorus salts on the 
severity of perosis. Poul. Sci., vol. 16, p. 232. 
Wiesz, A. C., B. C. Jonnson, C. A. ELVEHJEM anD E. B. Hart 1938 Phos- 
phorus metabolism of chicks afflicted with perosis. Science, vol. 88, 
p. 383. 











CITRIC ACID AND ITS SALTS AS CALCIFYING 
AGENTS IN RATS 
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The recent reviews of Schmidt and Greenberg (’35) and 
Gubner (’37) have summarized available information con- 
cerning calcium and phosphorus metabolism and their rela- 
tions to rickets. They serve also to bring out the complexity 
of the problem of bone formation and to point out the con- 
flicting views on how it is brought about. 

Reports of early work on the effect of the acid-base value 
of the diet on rickets have been summarized by Morris, Ford 
and Graham (’36). Although their own experiments showed 
no evidence of acidosis as a causal or associated factor in 
infantile rickets, the earlier studies had shown conflicting 
results. 

Early studies on the use of citric acid milk in preventing or 
curing infantile rickets also showed conflicting results. 
Weissenberg (’28) stated that his ‘Zitronensaéurevollmilch’ 
prevented or cured rickets in the majority of cases, but Hess 
and Matzner (’24) did not find lemon juice milk effective with- 
out the addition of egg yolk. 

The importance of citrates in calcification has received 
rather minor attention until the recent work of Shohl (’37) 
and Hamilton and Dewar (’37). Shohl showed by histological 
and x-ray studies that the addition of citric acid-sodium 
citrate or tartaric acid-sodium tartrate mixtures to rachito- 


*Now at New York State College of Home Economics, Cornell University, 


Ithaca, New York. 
? Now at Indiana University Medical Center, Indianapolis, Indiana. 
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genic diets will render them non-rachitogenic, and Hamilton 
and Dewar showed by the measurement of the width of the 
epiphyseal space on x-ray plates that the addition of sodium 
citrate, citric acid, sodium tartrate, sodium bitartrate or 
tartaric acid would give normal width to the epiphyseal line. 
They also secured normal or nearly normal line tests (3.5 or 
better) on rats fed these substances according to the vitamin 
D test technic (U. S. Pharmacopeia XI). These two papers 
differ in that the latter authors found the acids or the salts ef- 
fective whereas Shohl found only the mixtures effective in 
producing normal x-ray and histological results. 

Thus we see that the literature contains many contradic- 
tions, and in the light of these contradictions the present 
study of citric acid and citrates as calcifying agents was 
undertaken. 


PLAN OF THE EXPERIMENT 


Young albino rats from our own colony weighing 35 to 50 
gm. at 21 to 25 days of age were placed in individual cages 
in a dark room. The animals in both experiments I and II 
were placed on the Steenbock-Black rachitogenic diet 2965 
(°25) for 22 days. They were then given an experimental 
diet for 10 days and were killed on the eleventh day. The hind 
legs were dissected from the body, the femurs preserved in 
95% ethyl alcohol, the tibias in acetone, for analysis for bone 
ash and line test respectively. Record of food intakes and body 
weights were made two to three times weekly throughout the 
study but no attempt was made to control food intakes. The 
experimental diets were prepared by adding to 100 gm. 
rachitogenic diet the following supplements: 


Experiment I Experiment II 
mol. mol. 
1. None (controls) 1. None (controls) 
2. Citrie acid 0.04 2. Potassium citrate 0.04 
3. Sodium citrate 0.04 3. Citrie acid + 0.02 
4. Citric acid + 0.02 potassium citrate 0.02 
sodium citrate 0.02 4. Citric acid + 0.03 
5. Citrie acid + 0.03 potassium citrate 0.02 
sodium citrate 0.02 


. Lactic acid 
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The technic used in the preparation and reading of the line 
tests was that of McCollum, Simmonds, Shipley and Park 
(’22). For the bone ash determinations each pair of femurs 
and the rat numbers were tied in small pieces of cheese cloth 
and extracted with ethyl alcohol for 48 hours in a soxlet ex- 
traction apparatus. They were then extracted with ether 
for 24 hours. The details of the method used for weighing 
and ashing the bones are given by Lachat (’35). The 1 hour 
heating was used, and the samples were reheated and re- 
weighed as a check for complete ashing. 


EXPERIMENTAL RESULTS 


The results of these studies are given in table 1. They 
were separated into experiments I and II because the rats 
were from different litters, the initial weights of the animals 
were different and the food intakes of the animals in experi- 
ment II were greater both during the depletion and the ex- 
perimental periods. It is of interest to note, however, that 
the average gains in weight of the corresponding groups are 
strikingly similar in spite of these differences. 

Although the animals do not show complete agreement be- 
tween line tests and bone ash values, the following summary 
may be made from the table of the probable effectiveness as 
antirachitic agents of the supplements used. 

Since calcification in the controls was very poor, evidenced 
both by line test and bone ash values, the basal diet was truly 
rachitogenic. The addition of citric acid (0.04 mol. per 100 
gm. basal ration) resulted in only limited improvement, more 
marked in the epiphyseal region than throughout the bone. 
The odds that the differences in bone ash values found are 
not due to chance are only 28:1, so that these results are 
barely significant. Sodium citrate (0.04 mol. per 100 gm. 
basal ration) and a mixture of equal parts of citric acid and 
sodium citrate (i.e., 0.02 mol. of each) averaged practically 
identical results and showed definitely better calcification than 
the citric acid alone, both by line test and by bone ash values. 
The odds for the significance of these bone ash values are 


















TABLE 1 


The effect of acid and of acid-salt miatures on calcification 

















































































































































































DEPLETION EXPERIMENT 
WEIGHT PERIOD PERIOD 

SUPPLEMENT LITTER| SEX | AT START OF = oo —— pana — 

EXPERIMENT | Gain in | Food | Gain in | Food 

weight | intake; weight | intake 
_ Experiment I ” ae 
gm. gm. gm. gm. gm. “| & 
1. None (controls) 1 ce) 34 18 | 121 12 67 | R | 220 
2 é 46 30 | 144 18 82 | Rl | 286 
3 é 40 24 121 6 63 | R | 232 
4 Q 38 14 97 11 54/R | 263 
4 Q 40 16 | 110 4 50 | R | 240 
a ~ Av. 40 20° | 119 | 10 63 | R | 248 
2. Citrie acid Pa a a 38 ae 98 | 10 66, 2 | 26 
0.04 mol. in 2 Q 43 23 | 122 8 68 | 2.5 | 30.0 
100 gm. diet 3 é 36 17 114 11 64 | 1.5 | 240 
3 Q 34 22 120 12 66 | 1 | 277 
4 3 38 | 22 | 117] 12 | 69/ 3 | 338 
i aes ans £ 38 —Ci«|«=C20 S| «a | 1 | «65 | 20 | 290 
3. Sodium citrate 1 | 9 34 12 99 4 | 56 | 35 | 343 
0.04 mol. in 2 dé 44 28 | 135 4 60 | 4 | 354 
100 gm. diet 3 dé 42 20 105 | 10 63 | 3 | 317 
3 Q 36 22 116 6 57 | 2.5 | 32.5 
4 é 43 19 | 116 2 49 | 4 | 33.0 
“Av. | 40 | 20 | 114 5 57 | 34 | 334 
. Citric acid 1 ) 34 20 | 114 2 44/4 | 320 
0.02 mol. plus 2 é 40 23 123 ll 65 | 3.5 | 32.2 
sodium citrate 2 2 42 23 132 9 60 | 3.5 | 37.3 
0.02 mol. in 3 é 40 22 123 | 10 65 | 3 | 333 
100 gm. diet 4 d 35 19 | 113 11 54 | 3 | 364 
4 ) 35 17 103 14 50 | 3.5 | 29.6 
— ~ Av. 38 21 | 118]; 10 | 56 | 34 | 335 
5. Citrie acid 1 a | 35 19 | 106 8 47 | 3.5 | 28.9 
0.03 mol. plus 2 é 42 16 112 8 63 | 4 37.9 
sodium citrate 2 ) 40 20 102 8 64 | 4 | 396 
0.02 mol. in 3 3 40 22 123 10 63 | 3.5 | 324 
100 gm. diet 4 Q 35 23 =| 110 5 49 | 4 | 385 
Av. 38 20 | 111; 8 | 57 | 38 | 35.5 
6. Lactic acid raiéd 36 20 | 108, 10 | 47/1 22.5 
0.04 mol. in 1 9 38 24 125 8 54 | 1.5 | 284 
100 gm. diet 2 dé 40 20 | 113 2 58 | 2.5 | 34.0 
3 9 38 22 127 4 55 | R | 253 
4 ) 34 18 | 103 6 52 | 1 | 25.0 
Av. 37 21 | 115 6 | 53! 12 | 270 

_Experiment IT 

1. None (controls) 5 | o 42 20 119 10 92 | R 25.0 
6 | Q 48 22 162 | 22 96 | R | 292 
6 | g 45 29 | 179) 18 | 100; RB | 260 
. os 50 20 | 159| 12 | 82/ R | 210 
2 ae é | Av. 46 ~ 23 | 155 | 16 93 | R | 253 
2. Potassium citrate | 5 | 43 — 30 | 1293 I 77| 3 | 35.1 
0.04 mol. in 5 é 48 24 | 155 4 105 | 3.5 | 39.9 
100 gm. diet 6 Q 58 20 179 | 12 94 | 3.5 | 41.0 
7 3 52 18 152 10 93 | 4 38.6 
es 43 19 | 159 2 78 | 3 | 36.1 
SP rier , | Av. 49 20 | 154 7 89 | 3.4 | 381 
3. Citrie acid 5 a 42 19 | 134 7 | wie 37.8 
0.02 mol. plus 5 3 50 21 | 146 9 104 | 3.5 | 414 
potassium citrate 6 é 48 24 169 18 110 | 4 46.1 
0.02 mol. in 6 Q 46 28 | 172 14 100 | 3 38.6 
100 gm. diet 7 3 53 | =(19 157 13 106 | 4 | 414 
ee re Av. | 48 22° | «156 12 104 | 3.5 | 41.1 
4. Citrie acid -. 2 46° 22° | 133"; —s* | S| @ | 31¢ 
0.03 mol. plus 5 Q 42 24 145 2 93 | 3 39.5 
potassium citrate 6 é 52 23 166 13 95 | 4 43.0 
0.02 mol. in 7 3 50 22 165 10 106 | 4 36.8 
100 gm. diet 7 °) 50 20 160 10 | 85/| 4 38.9 
Av. 49 _ 22 | 159 | 9 | 95 | 38 | 39.6 








experimental period (see U.S. Pharmacopeia XI). 
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‘Omitted in average since rat lost 8 gm. and did not eat at least 2 gm. every day during the 
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3332: 1 or over so that they are truly significant. The use of 
0.03 mol. citric acid plus 0.02 mol. sodium citrate, equivalent 
to the proportion of citric acid-sodium citrate used by Shohl, 
did not significantly increase the improvement in calcification 
over the values on the lower concentration of citrates when at 
least 0.02 mol. of the citrate was given as salt. Therefore 
no tests were made by us of the higher concentration of citrate 
as either citric acid or sodium citrate alone. The odds were 
57:1 that these values were more significant than the values 
found when citric acid alone was used. Lactic acid at 0.04 mol. 
level showed only slight improvement as measured by either 
line test or bone ash, and the results were not statistically 
significant. 

In experiment II the addition of potassium citrate (0.04 
mol. per 100 gm. basal ration), citric acid 0.02 mol. plus 
potassium citrate 0.02 mol., and citric acid 0.03 mol. plus 
potassium citrate 0.02 mol. all gave very satisfactory results; 
there were no line tests below 3 + cure and no bone ash values 
below 35%. The slightly higher line test in the citric acid 
0.03 mol. plus potassium citrate 0.02 mol. did not seem signi- 
ficant and the bone ash values were somewhat lower. The 
odds for the significance of the improvement in bone ash 
values by the addition of potassium citrate or citric acid— 
potassium citrate mixtures were all beyond the limits of 
table IX in Love’s text (’37), but the ratios were > 3332:1 
for the first two supplements and > 1999:1 when the higher 
concentration of citric acid was used. The differences in the 
mean values for these three supplements are not statistically 
signicant. 

The results of experiments I and II are not entirely com- 
parable due to litter differences and possibly to differences 
in initial weights and food intakes, but statistical analysis of 
the values has shown that potassium citrate was more effec- 
tive either alone or in combination with equal parts of citric 
acid than corresponding amounts of sodium citrate. The odds 
were 249:1 that the improvement was not due to chance using 
the values for potassium and sodium citrates alone and 712:1 
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using the mixtures of 0.02 mol. of acid and salt. The differ- 
ences in values for 0.03 mol. acid plus 0.02 mol. salt were not 
significant, probably due to the wide variation found among 
the animals on the citric acid-sodium citrate supplement. 


DISCUSSION 


Examination of the data presented will show that the varia- 
tion in food intake among the animals given any specific 
supplement was greater than the variation in food intake 
among the animals on different supplements in that experi- 
ment. Also there is no evident correlation between the bone 
ash values and sex, gain in weight or food intake. There 
seems to be a litter difference, e.g., it will be noted that in 
experiment I the animal showing the highest bone ash value 
in each group is from litter 2, except the citric acid 0.04 mol. 
supplement; in experiment IT the animal showing the highest 
bone ash value in every group is from litter 6; and seven out 
of the eight animals from each of these litters show bone ash 
values above the average for their specific supplement. 

Before discussing the line test and bone ash results on the 
different supplements in these experiments, attention should 
be called to the results on bone ash values on rachitogenic 
diets reported by Zucker (’36). He found a mean value of 
30% ash for rachitic rats at 3 weeks of age, the actual values 
varying with season, rat strain, etc. Using the 10-day cura- 
tive experiments used in vitamin D assays (U.S.P. technic) 
2-+ cures gave a bone ash mean value of 34%. Using fifty 
or one hundred times the dose required to produce the 2 + 
cure did not raise the value above 40% although a 4+ cure 
was found by line test. He also found that the variations 
in bone ash values increase the further they were removed 
from the normal. The results of our experiments were com- 
parable to his, mean values of 24.8 to 25.3% were found for 
control rats, 29% for a 2 + cure, and from 33.4 to 41.1% for 
3 to 4+ cure. Only five rats from any group showed values 
over 40%. 
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Attention might be called to the line test and corresponding 
bone ash values given by Shohl (’37). His table 2 shows that 
with diets S and K, slightly basic basal diets, the addition of 
the citric acid plus sodium citrate cured the rickets (by histo- 
logical and x-ray diagnosis) but materially lowered the bone 
ash values, in diet S by 4%, in diet K by 9%. In the slightly 
acid diets C and D the ‘rickets’ was cured with practically 
no change in bone ash values. Again in table 4 the feeding 
of lactates gave a slightly better bone ash than the feeding 
of tartrates, but his decision of cure for the tartrates and 
no cure for the lactates was again based on the histological 
and x-ray diagnosis. It would seem that the level of bone 
ash is more clearly diagnostic of cure than change in the 
calcification in the epiphyseal line, since improvement in bone 
ash indicates improved calcification throughout the bone and 
‘eure of rickets’ with continuance of osteoporosis does not 
materially improve the condition of the animal. Thus from 
his bone ash values in table 4 the citrates alone have produced 
normal bones, and in table 2 the bone ash values when citrates 
were fed were normal only in the case of 8:1 or 4:1 Ca:P 
ration on diets Y and St. 

Our results agree in part with those of Shohl in that lactic 
acid did not significantly increase the calcification of the 
femur, and that citric acid produced less significant results 
alone than when fed as citric acid-sodium citrate mixtures, 
but they disagree in the amount of citrate ion required and 
in the fact that in our experiments sodium citrate produced 
as effective calcification as the citric acid-sodium citrate mix- 
tures. Hamilton and Dewar (’37) reported no bone ash 
values in their paper, so that the results are not really com- 
parable to ours. However, it might be mentioned that on the 
basis of line tests and x-ray measurements they found citric 
acid and sodium citrate about equally effective in producing 
cures, whereas we found a definite superiority of the salt on 
the basis of bone ash values. Results on the use of potassium 
citrate have not been previously reported. 
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No attempt has been made to explain where or how the 
citrate acts to increase the calcification, nor why the potas- 
sium salt is more effective than the sodium salt. pH studies 
on the intestinal tracts of these rats indicated that variations 
there were due more to individual differences than to differ- 
ences in diet. Obviously there is much more work to be done 
on this problem, but since circumstances prevent further work 
on it by either of us at this time, it seemed advisable to re- 
port the progress that has been made. 


SUMMARY AND CONCLUSIONS 


1. The diet used was the Steenbock-Black rachitogenic diet 
2965. To this was added lactic acid or citric acid and/or its 
salts primarily at the level of 0.04 mol. of supplement per 
100 gm. basal ration. 

2. The increase in bone ash values for the various supple- 
ments showed approximately the following averages: lactic 
acid 2%, citric acid 4%, sodium citrate 9%, citric acid-sodium 
citrate mixtures 9 to 11%, potassium citrate 13%, citric acid- 
potassium citrate mixtures 14 to 16%. 

3. The effectiveness of citrates in improving the calcifica- 
tion in rats on a rachitogenic diet was confirmed, but the 
need of citric acid—citrate mixtures for the improvement was 
not confirmed. 

4. The greater effectiveness of potassium citrate as calcify- 
ing agent was indicated. 

5. The calcifying effect of citrates appeared to be unrelated 
to sex, gain in weight or food intake. 


It is a pleasure to acknowledge the kindness of Dr. F. C. 
Koch of The University of Chicago in allowing us to use the 
facilities of his laboratories for the bone ash determinations. 
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Of all the foods commonly used in the American dietary, milk 
has long been recognized as being the most important source 
of calcium. Yet, the extent to which milk calcium is available 
for growth and for the maintenance of the physiological 
processes of man has received only scant attention. In esti- 
mating an individual’s dietary requirement for calcium, it is 
as necessary to know how well he utilizes the calcium of the 
foods which he eats as it is to know the actual calcium content 
of those foods. Until this information is available for milk— 
and for other foods, too—the value of milk as a source of 
calcium in the dietary must rest on an insecure basis. 

A few investigators have attempted to determine the avail- 
ability of the calcium of milk, but their studies have been 
comparisons of milk and other calcium-rich foods or of milk 
and milk products. In those studies fluid milk has been used 
as the standard of reference, and the data have been reported 
in terms of comparative values. Thus, a similarity in the 
availability of the calcium of American cheese and that of 

+A portion of these data was presented before the Division of Biological Chemistry 
of the American Chemical Society in Rochester, 1937, and before the American 
Home Economics Association in Pittsburgh, 1938. 

* Aided by a grant from the American Dry Milk Institute. 

*A portion of the data obtained on the boys was presented by Elizabeth Jensen 


in partial fulfillment for the degree of master of science at the University of 
Illinois, June, 1938. 
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pasteurized milk was reported by Mallon, Johnson and Darby 
(’32); Kramer, Potter and Gillum (’31) found raw milk and 
ice cream made with condensed milk to be equally valuable as 
sources of calcium. Conversely, a slightly superior value was 
ascribed to the calcium of evaporated milk over that of 
pasteurized milk by Willard and Blunt (’27). Likewise, raw 
milk has a greater comparative value than has dried milk or 
pasteurized milk, according to Kramer, Latzke and Shaw 
(’28). 

The manner in which the above studies were conducted does 
not permit an interpretation of the data in terms of absolute 
values for utilization. According to Mitchell and McClure 
(’37). 


. ... the proper method of measuring the degree of utili- 
zation of minerals in a feed or ration may be more of a problem 
than is generally realized. The ordinary method of estimating 
this utilization is to express the retention of the mineral as a 
percentage of the intake. However, if there is a maintenance 
requirement for a mineral, it is not represented in the reten- 
tion as ordinarily computed, so that a comparison of the latter 
with mineral intake credits the intake with only part of its 
nutritive effect and hence underrates its utilization. This 
underrating becomes the more serious the lower the intake 
of the mineral. The most practical measurement of the 
utilization of the mineral content of a feed would seem to be 
that secured at a level of intake of the particular element 
studied that just suffices (or that just barely does not suffice) 
to cover the integrated requirements of the animal for it. 


The study reported in this paper constitutes an attempt 
to determine the extent of the utilization of the calcium of 
milk by pre-school children. A procedure has been adopted 
which eliminates the effect of a possible maintenance require- 
ment for calcium. This has been accomplished by determining 
calcium balances at two levels of intake, both of which gave 
positive balances and therefore were above the maintenance 
requirement but neither of which was in excess of the minimum 
requirement for the maximum retention of calcium by the 
subjects. In computing percentage utilization, use was made 
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of the increment in calcium retention in relation to the incre- 
ment in intake between the two levels, rather than (as is 
commonly done) the total retention in relation to the total 
intake during one period. This procedure is illustrated by 
the following formula where ‘a’ represents a period of high 
intake and ‘b’ signifies one of lower intake. 


Retention for period a — retention for period b 


~~ Intake for period a — intake for period b 





X 100 = per cent utilization 


This formula is advantageous in that it makes possible a dif- 
ferentiation between retention and utilization and provides for 
a quantitative, absolute measure of the utilization of the 
calcium in a given substance, e.g., milk. The only assumption 
made is that the maintenance requirement is not influenced 
by the change in the quantity of calcium ingested. Obviously, 
the formula cannot be applied if the substance used to raise the 
calcium level causes a change in the utilization of the calcium 
in the basal diet. 


EXPERIMENTAL 


The data for this publication were taken from a study of 
the calcium metabolism of five pre-school girls (Outhouse, 
Kinsman et al., 39) and from a similar study now in progress 
on six pre-school boys. The ages, weights and heights and 
the comparisons of these with Grandprey’s (’33) modification 
of Woodbury’s standards are given in table 1 for the boys 

TABLE 1 


The ages, weights and heights of the subjects and the comparisons of these with 
Grandprey’s (’35) standards 




















age LOOUS OF MEASUREMENTS 
SUBJECT WEIGHT! | HEIGHT? 
Years | Months Weight-Age | Height-Age | Weight-Height 
kg. com. % % %o 
R 2 11 16 99 90 Above 90 75 
Ww 4 0 16 100 35 50 75 
Cc 5 1 20 111 90 90 80 
G 5 6 20 115 80 85 70 
Br 5 11 23 116 Above 90 85 Above 90 
Jw 6 0 20 117 75 85 50 


























*Taken at sixteenth week of experiment. 
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and in the above publication for the girls. All the subjects 
were maintained on the regimen described in the aforemen- 
tioned paper. In both studies calcium balances were deter- 
mined for every 7 days during the entire experimental period. 
The time intervals, designated in the reports as periods II, 
III, IV, ete., varied in length from 28 to 56 days. From period 
to period, changes in the calcium level were brought about by 
increasing the quantity of the supplement of milk solids.‘ 
These increments in calcium were planned to give significant 
differences in retentions and at the same time, to keep the 
highest level of intake below the minimum requirement for 
maximum retention. The experimental procedures adopted 
for the collection of metabolic materials, for sampling and 
for analysis for calcium were the same for both the boys and 
the girls. 

A slight difference between the two studies existed wherein 
the levels of calcium intake were concerned. At the lower 
level, the girls received 370 mg. of calcium daily whereas 
the boys received 340 mg. For the higher levels, the girls were 
given 615 mg.; and, since it was found that this quantity was 
very close to the minimum requirements of the girls, a smaller 
quantity (555 mg.) was given to the boys. At the subsequent 
higher levels of calcium intake, additional values for percent- 
age utilization of the calcium in milk were computable for 
some of the boys due to the fact that the quantity of calcium 
ingested at the higher levels was not in excess of their mini- 
mum requirements. The data for the various periods with 
reference to the length of the periods, the average daily 
intakes of calcium and the amount of calcium contributed by 
milk solids are presented in table 2. 


RESULTS 


Only those metabolic data which are pertinent to the subject 
of the utilization and retention of calcium are presented in 
this paper (table 3). The actual intakes and retentions of 
calcium by the individual subjects during the various periods 


*Skim milk powder the calcium content of the various lots of which ranged from 
123 to 135 mg. per gram. 
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are given in terms of the average daily quantities involved. 
From the data for retentions, it is apparent that during period 
IV the 880 mg. level of calcium intake for the girls was in 
excess of their minimum requirement. For the boys, the 
level of intake (704 mg. as a daily average) during this 
period did not give maximum retentions as is indicated by the 
greater retentions during the subsequent period of higher 
intake. 


TABLE 2 


Intakes of calcium, amounts of calcium contributed by milk solids and total calcium 
retentions during the various periods of the experiment 




















PERIOD (avmmags DAILY) CALOTUM 
en - EG RETENTIONS 
— Length Total Coneivates | by (AVERAGE DAILY) 

Girls 

days mg. mg. mg. 

1 77 1815 258 126 

2 56 370 258 76 

3 35 615 516 122 

4 28 880 774 112 
Boys 

1 91 1600 1518 140 

2 42 340 231 56 

3 35 555 444 100 

4 28 704 590 125 

















Values for the percentage utilization of the calcium of milk 
have been calculated by the formula presented in the intro- 
duction of this paper, using the intake and retention values of 
periods IT and III for the girls and of periods IT and III and 
periods II and IV for the boys. The single values obtained 
for girls B, M, J, P and S were 18, 14, 22, 25 and 16%, re- 
spectively; they averaged 19%. The mean values for boys 
R, W, C, G, Br and Jw were 18, 21, 20, 13, 19 and 27%, re- 
spectively, with a mean value of 20%. The mean value for 
the eleven subjects was 19% with a standard deviation of 4.5 
and a coefficient of variation of 23%. The maximum varia- 
tion of the values for the subjects was 37% above and 34% 
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below the mean. This variation may appear to be great, yet 
from a biological standpoint the figures are all of the same 
order of magnitude and indicate poor utilization of the calcium 
of milk by pre-school children. 

The data for retention of calcium expressed as the per- 
centage of the intake (i.e., percentage retention) for the girls 
for periods II and III and for the boys for periods II, III and 
IV are also given in table 3. For girls B, M, J, P and §, the 
average percentage retentions for periods II and III were 20, 
14, 24, 22 and 20, respectively, averaging 20%. For boys R, 
W, C, G, Br and Jw the average values for periods II, II 
and IV were 19, 21, 19, 15, 18 and 20, respectively, and aver- 
aged 18%. The range and the average of the values for the 
girls did not differ significantly from those for the boys. The 
total average for the eleven subjects was 19%. 


DISCUSSION 


The fact that only from one-fifth to one-fourth of the calcium 
of milk is utilized and retained by children may seem sur- 
prising. However, earlier reports contain data from which 
the same conclusion could have been drawn. In the Sherman 
and Hawley study (’22) in which the milk intake of two pre- 
school girls (subjects M.O. and K.C.) was increased and 
decreased at the rate of 250 cc. daily, the percentage utilization 
values, computed from increments in intake and in retention 
at intakes ranging from 380 to 950 mg., averaged 20. The 
percentage retentions, calculated from the same data at the 
various levels of intake, averaged 29. In Petrunkina’s (’34) 
study on children from 6 to 9 years old, the percentage utiliza- 
tion values (computable for nine of the subjects) ranged from 
8 to 50 with a mean of 19%; the percentage retentions aver- 
aged 16. These are the only papers found in the literature 
which permit the computation of percentage utilization. How- 
ever, considerable data concerning percentage retentions may 
be obtained from several other studies in which the calcium 
intakes may not have been in excess of the subjects’ require- 
ments. The values, which are inherent in the data of the 
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respective authors, are as follows: 18% for seventeen healthy 
pre-school children studied by Daniels and co-workers (’34, 
35) ; 23% for Porter-Levin’s (’32-33) two healthy children; 
20% for six healthy subjects (ranging in age from 5 to 7 
years) studied by Bonner et al. (’38); and 22% for nineteen 
normal and underweight children studied by Wang, Kaucher 
and Frank (’28). The average for the forty-six subjects 
who were under 7 years of age is 21%. This figure compares 
favorably with the percentage retention value reported for 
the eleven children in this study. Both are considerably less 
than half the value of 50% which was assumed by Leitch 
(’37) for the retention of calcium from a ‘suitably balanced 
mixed diet.’ 

The data secured in this study have a direct bearing upon 
the fundamental question as to whether or not the maintenance 
requirement of calcium, as observed in the adult animal, may 
not be considerably or entirely suppressed in the growing 
organism. There is considerable evidence in the literature 
in favor of this possibility. Extremely low excretions of calcium 
in essentially normal, growing boys subsisting on low-calcium 
diets were reported by Albright, Bauer, Ropes and Aub (’29) 
and by Farquharson, Salter, Tibbetts and Aub (’31). Further- 
more, Aub, Tibbetts and McLean (’37) observed similar low 
excretions in a growing boy following a parathyroidectomy. ; 
They have suggested that ‘‘. . . . a new mechanism had obvi- 
ously come into play; and both urinary and fecal calcium 
were being avidly retained in spite of higher blood levels 
above the so-called kidney threshold. . . .’’ This ‘new mecha- 
nism’ may be merely a suppression of endogenous losses of 
calcium brought about by the growing skeleton’s intensified 
demand for calcium and by a simultaneous, inadequate dietary 
supply. Ellis and Mitchell (’33) showed that growing rats 
on a severely restricted calcium intake may deposit in their 
bodies 98% of the calcium consumed, leaving a maximum of 
only 2% of the intake available for replacement of endoge- 
nous losses (assuming a complete alimentary utilization). 
This efficient utilization of dietary calcium at low levels of 
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intake was confirmed by Fairbanks and Mitchell (’36); they 
also observed that when a high-calcium diet was fed, variable 
rates of growth (from 2.38 to 5.08 gm. per day) were associated 
with constant percentage retentions of dietary calcium. If 
dietary calcium had replaced endogenous losses, greater 
percentage retentions of calcium would have been observed 
during periods of rapid growth and increased food intake, 
since a greater proportion of the consumed calcium would 
have been available for growth. 

If an appreciable portion of the dietary calcium consumed 
by the pre-school children of this study had been used to re- 
place endogenous calcium losses (i.e., if an appreciable main- 
tenance requirement of calcium had existed) two effects would 
have been observed. In the first place, the values for per- 
centage retention of calcium would be less than the values for 
percentage utilization, since, as was explained before, the 
latter values are based on intakes which were above the mainte- 
nance requirement. Contrary to this expectation, there was 
no consistent difference between the values for the percentage 
retention of calcium and those for the percentage utilization. 
These respective values for each of the eleven subjects were 
20 and 18, 14 and 14, 24 and 22, 22 and 25, 20 and 16, 19 and 
18, 21 and 21, 19 and 20, 15 and 13, 18 and 19, and 20 and 27, 
with respective averages of 19.3 and 19.2%. These results are 
consistent with the hypothesis that the endogenous losses of 
calcium were entirely suppressed in these children. 

The other effect of an appreciable requirement for calcium 
for maintenance would be an increase in the percentage reten- 
tion with increasing intake of calcium up to the point of maxi- 
mum retention. However, in only four of the eleven children 
was a greater percentage retention of calcium observed on 
the higher calcium level, and since the averages for the eleven 
subjects during periods IT and III are identical (19.2%), it is 
safe to suggest again that no appreciable portion of the dietary 
calcium could have been used in feplacing the endogenous 
calcium lost by way of the intestinal tract and kidneys. 
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The above reasoning implies that the calcium of the basal 
foods (which supply approximately 30% of the total calcium 
during period II) is utilized to an extent no greater than is 
that of milk calcium, i.e., 20%. If the calcium of these foods 
were utilized to a greater degree, then a maintenance require- 
ment for calcium must be assumed in order to account for the 
balance data secured. A utilization of 100% of the basal- 
food calcium would be consistent with an average daily mainte- 
nance requirement (endogenous loss) of 5 mg. per kilogram 
of body weight. Even if the non-milk calcium had been utilized 
completely, the 10-mg.-per-kilogram value used by Leitch 
(’37) in her estimation of children’s requirements for dietary 
calcium would have resulted in negative balances for all six 
boys during period IT and for four boys during period III, and 
also would have resulted in much lower retentions for the girls 
than were actually observed. Furthermore, if these children had 
had a maintenance requirement no greater than that computed 
by Mitchell (’38) from available information on adults (i.e., 
3.1 mg. per kilogram) they would have had to utilize, as an 
average, 64% of the basal-food calcium. However, there is 
no evidence in the literature of superior availability of the 
calcium of ordinary foods over that of milk calcium. On the 
contrary, experiments have shown that human subjects are 
able to utilize the calcium of milk just as well as, if not better 
than, that of other foods. If this is true, then the contention 
that the children did not have an appreciable maintenance 
requirement for calcium may be accepted. 

Ellis and Mitchell (’33) have portrayed the endogenous 
metabolism of calcium in the growing animal in the following 
words: 

Calcium ions liberated in the course of catabolism from func- 
tional combinations in the tissues and body fluids are probably 
just as available for the reconstruction of such combinations 
as are calcium ions picked up from the intestinal tract. In 
the young growing animal these ‘used’ ions as well as the 
calcium ions coming directly from the alimentary tract may be 


absorbed and retained by the developing bones and the grow- 
ing tissues at such a rapid rate that, at low levels of calcium 
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feeding the threshold of excretion by the kidneys and the 
intestines is never reached. 


If this is a true picture of the situation, the re-utilization of 
calcium ions liberated in the endogenous catabolism of the 
tissues may not occur at liberal levels of calcium ingestion, 
or at least not to the same extent as it would at levels com- 
mensurate with the requirements for maximum growth. Dur- 
ing periods of generous intake, endogenous losses of calcium 
would appear and a maintenance requirement for calcium, 
in the usual sense of the term, would develop. 

If subsequent research should prove the above hypothesis 
and establish its general applicability to growing children, 
information of considerable practical value should result. 
One of the possible deductions might be that a value for 
percentage retention would be indicative of the extent to 
which the growing child can utilize the calcium of the usual 
mixed diet, or of how well he can utilize the calcium of a specific 
food when that food contributes the greater part of the total 
calcium intake. Thus, the values for percentage retention 
heretofore reported for those children who were fed sub- 
maximal levels of calcium could correctly be interpreted as 
percentage utilization. Another obvious conclusion would be 
that, in estimating a child’s requirement for calcium, provi- 
sion need be made only for the calcium requirements of growth. 

The limited ability of the pre-school child to utilize milk 
calcium is in marked contrast with that reported by Ellis and 
Mitchell (’33) in their studies on rats. They reported reten- 
tion values as high as 98% for this species. In that study, 
as in the present one, the experiments were conducted in such 
a manner as would insure maximum values for utilization in 
each instance, i.e., the subjects were taken during the period 
of growth, and the level of calcium at which they were fed 
was not in excess of their minimum requirements for maximum 
retention of calcium. The striking disparity in the results 
obtained indicates a tremendous difference in these two species 
and provides an excellent illustration of the frequently un- 
appreciated fact that, quantitatively, rats and human subjects 
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do not necessarily react similarly. This finding points to the 
need for more extensive studies on human subjects before 
satisfactory dietary standards can be promulgated. 
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In 1935 Moore, Huffman and Duncan (’35) summarized 
the previous literature and reported on the results of ob- 
servations of twenty-four cases of blindness of a nutritional 
type associated with a constriction of the optic nerve. The 
authors were reluctant to state that this blindness was due 
to vitamin A deficiency because of the bone changes involved, 
lack of corneal involvement and because no direct unimpeach- 
able evidence was at hand to support such a statement. It 
was pointed out, however, that if vitamin A deficiency was re- 
sponsible for an increased intracranial pressure the bony 
malformations might then be accounted for. Evidence of 
increased intracranial pressure is to be reported in this 
paper and resulted from the suggestion received in a paper 
reported by De Schweinitz and De Long (’34) who observed 
blindness and papillary edema in Guernsey calves associated 
with perivascular edema in the brain tissue. They suggested 
that the type of blindness was due to inheritance. However, 
the evidence submitted in this paper will show that a rela- 
tionship exists between the condition reported by them and 
by Moore, Huffman and Duncan (’35). 


* Journal article 346 (n.s.) Michigan Agricultural Experiment Station. From 
& portion of a thesis presented to the Graduate School of Michigan State College 
in partial fulfillment for the Ph.D. degree. 
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Mellanby (’38) has noted widespread nerve degeneration 
in young dogs fed diets deficient in vitamin A and rich in 
cereals. Complete deafness was present in some of the ani- 
mals which he attributed to nerve degeneration due to an 
overgrowth of bone of the labyrinthine capsule. He expressed 
the belief that the degeneration of other nerves might be due 
to pressure caused by overgrowth of bone in the various 
foramina. 

Guilbert and Hart (’35) established the relationship of night 
blindness and vitamin A deficiency in the bovine and by use 
of the night blind condition worked out the minimum require- 
ments for vitamin A. In their paper they expressed the 
opinion that the blindness reported by Moore et al. (’35) 
was due to vitamin A deficiency but offered no direct evidence 
to support the belief. Kuhlman, Gallup and Weaver (’36) 
reported the development of xerophthalmia and a permanent 
type of blindness in calves fed a ration of beet pulp and 
cottonseed meal. Vitamin A supplements cured the xeroph- 
thalmia but had no effect on the permanent type of blindness. 
Phillips and Bohstedt (’38) report the preventive and remedi- 
al effects of carotene in oil on rabbits which developed a syn- 
drome of symptoms similar to calves. The rabbits, however, 
failed to develop a constriction of the optic nerve and no oph- 
thalmoscopic observations were reported. 

Hale (’35) published data showing that vitamin A deficiency 
produced congenital anophthalmos and other abnormalities in 
swine. 


EXPERIMENTAL 


Subsequent to the previous report it was found that cod 
liver oil in which the vitamin A was destroyed by aeration at 
an elevated temperature did not prevent the constricted nerve 
or permanent type of blindness from developing in young 
calves. Another series of calves was used in which ‘caritol’ 
was diluted with cottonseed oil and then homogenized into 
skim milk so that the fat content of the remade milk was 2%. 
The carotene content of the milk was so adjusted that the 
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valves received one and two times the minimum requirement 
suggested by Guilbert and Hart (’35). The calves were 
started on the milk when 1 week to 10 days old. However, 
most of the calves died at an early age of pneumonia so that 
no data were obtained relative to blindness. It was then 
decided to raise the calves on whole milk and grain to about 
90 days of age and then feed skim milk together with a low 
‘arotene grain ration consisting of 240 pounds barley, 180 
pounds rolled oats, 180 pounds wheat bran, 60 pounds linseed 
oil meal and 8 pounds salt. This ration contained from 0.5 
to 0.7 micrograms of carotene per gram so that the calves 
received 2 to 3 micrograms per pound of body weight from 
this souree. 

After the animals were placed on this ration, ophthalmo- 
scopic examinations were made weekly. The calves were 
also tested for night blindness each week by attempting to 
run them into objects and watching their behavior in dim 
light, a method similar to that used by Guilbert and Hart (35) 
Blood plasma carotene determinations were also made each 
week according to a method developed by the author (738). 
Carotene extractions on the hays and feeds used were made 
according to the modification by Peterson et al. (’37) of 
the Guilbert method and the carotene determined by the use 
of a photoelectric colorimeter. The calves were weighed 
every 10 days at which time adjustments in the amounts of 
carotene to be fed were made. 

The results obtained in three typical cases will be described 
in detail although observations have been made on many more 
animals. 

Calf C412 was placed on the low carotene ration at 90 days 
of age, the principal results being shown in graph 1. 

At 106 days of age, a folding of the lens capsule was noted 
on the posterior pole of the right eye and at this time it was 
observed that the tapetum lucidum of the retina of both eyes 
was quite bleached. At 161 days the nerve head of the right 
eye showed definite swelling and the nerve margins were 
entirely blurred as shown in figure 2. The nerve head showed 
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a choking of 1} diopters. At 182 days definite night blind- 
ness was present although different degrees of night blindness 
had been observed after 153 days. Also at 182 days the left 
eye showed a definite edema with a choking of 0.5 to 1 D of 
the dise. It was also noted that some of the small vessels 
of the nerve head were quite dilated. At 203 days, the edema 
had increased considerably in the left eye so that there was 
a choking of 2D. At this time also many of the capillaries and 
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Graph 1. 


small vessels at the edge of the nerve head showed consider- 
able fusiform dilation. At 225 days the pupil of the left eye 
did not react to light stimulation and showed mydriasis. By 
means of covering each eye separately it was found that in 
daylight the calf was completely blind in the left eve but could 
still see well out of the right eye. However, in the dark the 
animal showed complete night blindness in the right eye. The 
Fig.1 Normal bovine fundus oeuli. 
Fig.2 Fundus showing papillary edema and bleaching of the tapetum lucidum 


in vitamin A deficiency. 
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nerve head of the right eye showed edema and some conges- 
tion but none of the smaller vessels were dilated. Both eyes 
showed some exophthalmus. 

At 228 days carotene was added in the form of alfalfa hay 
to the ration at a rate intended to supply 28 micrograms of 
‘arotene per pound of body weight in an attempt to preserve 
the sight of the right eye. The attempt was successful for at 
the end of 342 days the calf could still see. The sight of 
the left eve never returned due most likely to a constriction 
of the optic nerve where it passes through the optic foramen. 
At 290 days the tapetum lucidum of both eyes showed con- 
siderable orange yellow color. The nerve head of the right 
eye showed a choking of 2 diopters. The nerve head of the 
left eve looked quite smooth and was quite dark in color 
indicative of atrophic changes. The vessels of this eye also 
appeared considerably smaller than normal. 

It will be noted from graph 1 that the addition of alfalfa 
‘aused an immediate rise in the plasma carotene of this calf. 

Calf C408 was placed on the low carotene ration at 83 days 
of age and at 109 days crystalline carotene dissolved in 
cottonseed oil was added to the ration at the rate of 140 micro- 
grams per pound. An immediate response in plasma carotene 
was noted as shown in graph 2. At 178 days the carotene 
level of the ration was dropped to 56 micrograms and there 
was an immediate drop in the level of carotene in the plasma. 
This animal at no time showed any indication of nyctalopia 
or evidence of papillary edema throughout the period of the 
experiment. There was some traumatic injury to the cornea 
and clouding of the anterior chamber as well as some slight 
hemorrhage on the retina of the right eve. 

Calf C411 was placed on the low carotene ration at 90 days 
of age and at 128 days showed some indications of night blind- 
ness but no ophthalmoscopie alterations were observed except 
bleaching of the retina. Since it was the purpose of the 
experiment to prevent the development of ocular changes in 
‘alves, C408 and (411, the carotene was added immediately 
to the ration of the latter at the rate of 140 micrograms. At 
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188 days carotene feeding was discontinued for 10 days and 
resumed at the 56 microgram level. Throughout the experi- 
ment this calf showed no ocular changes. 

The carotene* added to the ration of the last two calves, 
C408 and (411, was obtained in crystalline form. One gram 
was dissolved in 2 liters of cottonseed oil by placing the flask 
in hot running tap water for about 6 hours with frequent 
shaking. 
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Graph 2. 


In addition to the observations on calf (412 papillary edema 
has been noted by the author in eighteen calves and eight 
mature cows on low vitamin A rations. It has also been 
observed in three calves at birth whose dams received low 
vitamin A rations. Nyctalopia has also been seen many times 
and could be cured in 8 to 10 days by feeding carotene in the 
form of alfalfa hay. Space does not permit reporting these 
vases in detail although the results with the larger group 


* Purchased from S. M. A. Corporation. 
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have contributed to the ultimate conclusions reached in this 
paper. 
DISCUSSION 

The results obtained with calf C412 clearly show that the 
ration used in this experiment produced nyctaolpia, papillary 
edema and permanent blindness. The permanent type of 
blindness which developed in the left eve was prevented in 
the right eye by the addition of carotene in the form of 
alfalfa hay. It is quite certain that blindness would have 
developed in the right eye also had not carotene been ad- 
ministered since in all previous observations blindness has 
always become bilateral. 

The results with calves C408 and C411 give indisputable 
evidence that crystalline carotene added to the ration pre- 
vented the development of nyctalopia, papillary edema and 
the permanent type of blindness due to constriction of the 
optic nerve. One must therefore admit that a deficiency of 
‘arotene permits these conditions to develop and that the 
permanent blindness reported by other investigators was 
probably due to a vitamin A deficiency. 

It will be noted that no mention was made regarding the 
development of xerophthalmia or keratitis. None was ob- 
served in these studies. As a matter of fact, in the extensive 
experiments on vitamin A deficiency in cattle made at this 
station only a few very mild cases of keratitis have been 
noted. None have proceeded to the extreme stage of inflam- 
matory reaction of the eye structures even though many ani- 
mals have died from vitamin A deficiency. The reason for 
this is not clear. It seems possible that the absence of dust 
and perhaps certain bacteria in the barns was responsible. 
Attempts to infect a susceptible calf’s eye with the exudate 
from a rat’s eye which showed xerophthalmia were unsuccess- 
ful. 

The cause of the constriction of the optic nerve is apparently 
due to bone pressure on the nerve as shown in figure 4B. 
That the bony canal is altered in structure and becomes smaller 
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in this condition is also shown in figure 5. As stated previously 
it is difficult to associate vitamin A deficiency with any bony 
malformation but if evidence of increased intracranial pres- 
sure could be obtained it might explain the cause of the blind- 
ness. Such evidence seemed to be present since the nerve 
heads of these calves showed definite papillary edema as 
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Fig.3 A. Longitudinal section of a normal optic papilla. X 24. B. Longi- 
tudinal section optic papilla showing edema in vitamin A deficiency.  X 24. 


reported by De Schweinitz and De Long (’35) and shown in 
figures 2 and 3 B. Increased intracranial pressure exerted 
over a period of time could account for the displaced bone 
development since the brain itself lies directly above the optic 
canal. In a young calf the optic canal is very short, less 
than } inch in length. In a mature animal it is 14 inches 
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in length so that over a 2}-year period there is considerable 
growth. Further evidence of this theory of constriction of 
the optic nerve is supported by the fact that mature cows 
develop papillary edema on vitamin A deficient rations but 
never show the permanent type of blindness. The reason they 
do not acquire the permanent type of blindness is because 
the bony canal has fully developed and calcified and there- 
fore no abnormal growth anomaly results. Further evidence 
of increased intracranial pressure is shown by the condition 
of syncope, spasms and incoordination all of which are al- 
leviated by vitamin A administration. 

De Schweinitz and De Long (’35) did not note constriction 
of the optic nerve or a stenosis of the optic canal in their 
cases. In some cases examined by the author these changes 
were hardly discernible and unless great care is used in dis- 
section they may be missed. It can be argued that very 
little pressure on the nerve is needed to produce a state of 
blindness. If the deficiency was corrected at this time the 
nerve and bony canal would probably show little change. 
However, if the deficiency was continued a stenosis of the 
anal and degeneration of the nerve would be produced. 
That the process can be arrested quite readily was demon- 
strated in the case of calf (412. 

The particular cause of the increased intracranial pres- 
sure was not determined although De Schweinitz and De Long 
(’35) believed it was due to perivascular edema in the brain 
tissue and showed slides purportedly demonstrating a large 
perivascular spacing. In the present study it was impossible 
to secure sections from calves in which the perivascular spac- 
ing could not be considered an artifact even though several 
technics were tried. However, this does not alter the sup- 
position that increased intracranial pressure was present. 

Guilbert and Hart (’35) have expressed the belief that the 
degeneration of the optic nerve was due to vitamin A deficiency 
per se. However, in the light of present evidence this idea 
is hardly tenable since the constriction of the nerve always 
occurs where it passes through the optic canal. Histological 
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evidence of degeneration of nerves other than the optic have 
not been reported for the bovine in vitamin A deficiency. 
Furthermore, older cows in which the optic canal has formed 
do not develop these constrictions. Degeneration of any part 
of the optic nerve other than at the optic foramen in the calf 
could easily be accounted for by a decreased blood supply to 
the part, pressure due to increased intracranial pressure and 
the pinching effect of the malformed optic canal. Evidence 
of circulatory disturbance was found in one ease in which 
there was a cystic development in Cloquet’s Canal directly 
anterior to the entrance of nerve into the optic canal. Further 
evidence of disturbance in the region of the cranial cavity 
was noted by the quite frequent presence of cysts in the 
pituitary. The cysts usually occurred between the two lobes 
and were sometimes larger than the pituitary. 

The development of papillary edema associated with vita- 
min A deficiency has not been reported in other animals. 
However, one might expect such to occur especially where a 
condition of syneope and incoordination exists. Incoordina- 
tion in vitamin A deficiency may not be correlated with myelin 
degeneration according to work reported by Eveleth and 
Biester (’37) on pigs. It is entirely possible that the myelin 
degeneration noted in vitamin A deficieney by various investi- 
gators is due directlv to increased intracranial pressure and 
not to vitamin A deficiency per se. Vitamin A may possibly 
function to regulate the intracranial pressure. 

Blindness due to constriction of the optic nerve associated 
with stenosis of the optic canal has not been reported as 
occurring in other species and may be peculiar to the bovine 
because of the particular structure and relationship of cranial 
cavity and optic canals. 

The development of nyctalopia in the calves confirms the 
observations reported by Guilbert and Hart (’35). Nyctalopia 
and papillary edema occur at about the same time during 
the deficiency period but do not necessarily develop simultane- 
ously. The reason for the two conditions not developing at 
the same time is that they are due to different processes. The 











CAROTENE AND BLINDNESS IN CALVES 457 


papillary edema is probably due to development of intracranial 
pressure while the nyctalopia is due to depletion of the vita- 
min A content of the retina in which it is apparently necessary 
for the regeneration of visual purple. The development of 
both conditions, however, is due to vitamin A deficiency and 
they therefore may develop simultaneously also. 

It appears that once the papillary edema develops it takes 
a considerable period for it to recede. In one calf which 
received carotene at a low level there was little or no recession 
even after 312 days of supplemental feeding. In another 
there was a recession of the edema after about 6 months of 
uninterrupted supplemental feeding. The same slow reces- 
sion has been noted in mature cows even when they were 
turned to pasture. 

Ophthalmoscopic observations offer a means of diagnosis 
of vitamin A deficiency in calves if it has proceeded to the 
point where nyctalopia has developed. Even after the curing 
of the night blindness ophthalmoscopic observation will inform 
the observer, by the presence of papillary edema, whether 
there has been a vitamin A deficiency during the previous 4 
to6 months. In mature cows, other retinal changes take place 
in vitamin A deficiency which will be reported later. 

The amount of vitamin A reserves during the later stages 
of depletion could to some extent be gauged by the color 
of the tapetum lucidum of the retina. As depletion progressed 
the orange yellow color disappeared and was replaced by a 
pale light blue color as illustrated in figure 2 giving the retina 
a bleached appearance. The observations on retinal color 
must be made without exposure of the animals to bright light 
on the day of examination. It was the usual procedure there- 
fore to leave the calves in the barn the day on which the 
ophthalmoscopic observations were to be made and to ad- 
minister the mydriatic a short while before examination. 
On dark days it was usually unnecessary to administer a 
mydriatic. 

The level of plasma carotene gave considerable information 
concerning the vitamin A reserves at the low levels at which 
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carotene was fed in these experiments. As a rule the carotene 
content of the blood plasma remained below about 0.13 micro- 
grams per cubic centimeters for a considerable period of 
time before the development of nyctalopia and ocular changes. 
These low values were obtained for calves of the Holstein and 
Ayrshire breeds but would probably be higher for the Guernsey 
and Jersey breeds. The response to the administration of 
carotene was usually immediate except when the amount was 
small. C408 responded immediately to the administration of 
the crystalline carotene in cottonseed oil as shown in graph 2. 
Studies are now in progress in which the actual cerebral 
spinal pressure measurements are made by spinal puncture 
and the use of a manometer. The pathological changes con- 
cerned with the increased pressure are also being studied. 


SUMMARY AND CONCLUSIONS 


1. Calves fed low carotene rations develop nyctalopia, papil- 
lary edema and a permanent type of blindness associated 
with a constriction of the optic nerve. 

2. The development of these conditions can be prevented 
by supplementing the low carotene ration with crystalline 
carotene dissolved in cottonseed oil. Consequently these con- 
ditions appear to be a part of the syndrome of vitamin A 
deficiency in calves. 

3. The development of the constriction of the optic nerve is 
associated with a stenosis of the optic canal, papillary edema 
and probably increased intracranial pressure. 

4. The development of papillary edema and nyctalopia are 
separate processes but both are due to vitamin A deficiency. 

5. Vitamin A deficiency in calves is usually not associated 
with the development of keratitis. 

6. Vitamin A deficiency in calves is associated with a con- 
dition of syncope, most likely produced by increased intra- 
cranial pressure. 

7. Vitamin A deficiency in calves may be diagnosed by the 
presence of both papillary edema and nyctalopia. 
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8. Papillary edema persists for a considerable period after 
feeding carotene. 

9. Under proper conditions of observation bleaching of the 
tapetum lucidum of the retina is a good guide for the diagnosis 
of vitamin A deficiency in the bovine. 

10. Plasma carotene determinations of the bovine also give 
an indication of the vitamin A reserve where the colorless 
vitamin A is not being fed and the carotene intake is somewhat 
limited. 


The author wishes to express his appreciation to Dr. C. A. 
Hoppert of the chemistry department, Dr. E. T. Hallman of 
the pathology department, Dr. C. F. Huffman of the dairy 
department and to Dr. J. O. Wetzel of Lansing for their aid 
and interest in carrying out this work. 
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There is in the literature a dearth of scientific data on the 
complete acid-base mineral balance of children consuming a 
general mixed diet (Sawyer, Baumann and Stevens, ’18; 
Cooley et al., ’°35). Likewise, little is known of the changes 
that take place in the acid-base mineral balances during child- 
hood in response to any dietary change such as varying the 
levels of milk incorporated in a known mixed basal dietary. 
The present paper has been designed to contribute informa- 
tion on these and other factors pertinent to the chemistry 
of growth of children. 

Growth and maintenance depend upon the intake, utiliza- 
tion and excretion of nitrogen and the individual acidic and 
basic elements. Each of these elements has specific and varied 
physiologic functions and contributes to the formation of a 
part of the body. One of the most important functions of the 
human organism as a whole, and one of the least understood, 
is the utilization of minerals in a constant attempt toward 
maintenance of the acid-base equilibrium. The problem is 
more complex during growth when equilibratory amounts of 
the acidic and basic mineral elements must be retained for 
the usual metabolic processes of maintenance, but, in addition 
to the acidic and basic minerals, a sufficient amount of base- 
forming minerals termed ‘excess base’ is required to take 
care of the growth needs in the enlargement of the body and 
its organs. 
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The state of the mineral metabolism of a subject may be 
expressed as his acid-base mineral balance, given in milli- 
equivalents (meq.) of ‘excess base.’ The fact that certain 
elements play primary roles in particular physiologic func- 
tions, such as calcium and phosphorus in bone formation, and 
phosphorus and sulfur in the synthesis of body protein, has 
led to an emphasis of their individual metabolism in recent 
years. 

It has been stated (Greenwald, ’22) that, for man, no rela- 
tion between metabolism and acid and alkaline diets has been 
proved; nevertheless Shohl has pointed out (Shohl, ’23) that 
alkaline diets are essential in infancy, where growth is rapid, 
and are strongly indicated in pregnancy and lactation. De- 
spite the lack of clear-cut evidence of a requirement of excess 
amounts of acid or base in the food of children, milk is an 
alkaline food and in the growing child alkali in excess of acid 
must be stored (White House Conference on Child Health and 
Protection, ’32). Inasmuch as milk yields an alkaline min- 
eral residue containing significantly preponderant amounts 
of the basic elements (calcium, magnesium, sodium and potas- 
sium) over those of the acidic elements (phosphorus, chlorine 
and sulfur) and does change the percentage and proportions 
of the various elements in the entire diet, the present study 
is an attempt to evaluate the effect of different levels of milk 
intake on the acid-base mineral retentions of growing children 
over a considerable period of time. 

In interpreting the changes in acid-base mineral balances 
of seven average, healthy children, ages 5 to 10 years, when 
ingesting different quantities of milk in their diet, it has been 
possible to consider factors of control and environment—fac- 
tors of great importance and too often minimized, but ade- 
quately controlled during this study due to the facilities made 
available by the complete cooperation of the Methodist Chil- 
dren’s Village, Detroit.1 


* Details of the control, environment and care and handling of the children, 
together with the measurements taken and the methods of collecting and sampling 
the foods and excreta for the 5-day balance periods, are contained in succeeding 
publications (Hummel, Hunscher and Macy, in press; Souders, Hunscher, Hummel 
and Macy, in press). 
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EXPERIMENTAL 


The children selected were those whose medical records ? 
showed a minimum of illnesses, none of which were extensive 
or severe, and the absence of known untoward hereditary fac- 
tors in their histories; who were normal in weight for height 
by the standards of Meredith (’35) and Boynton (’36), and 
whose roentgenograms indicated skeletal development and 
maturity within normal limits. Throughout the study the 
subjects received diets composed of twenty-one common 
foods * easily obtained throughout the year. The basal foods 
plus 400 gm. of milk yielded daily an average of 1676 calories 
(79.3 per kilogram of body weight); approximately 70 gm. 
of fat (3 per kilogram of body weight) ; 212 gm. of carbohy- 
drate (9 per kilogram of body weight); 57.35 gm. protein, 
5% of the fresh diet, and 17.8% of the dry weight (2.5 gm. per 
kilogram of body weight); 0.91 gm. calcium (0.041 per kilo- 
gram of body weight); 1.25 gm. phosphorus (0.056 per kilo- 
gram of body weight). Three young women, trained in 
nutrition and dietetics, quantitatively prepared and served 
the food and collected all the metabolic specimens which were 
analyzed ® by the staff of the Research Laboratory of the 
Children’s Fund of Michigan. 

The milk used in the diets was pasteurized milk obtained 
from one creamery and subjected to identical processing and 
handling. During the initial study period, six children re- 

* Marsh W. Poole, M.D., and Charles A. Wilson, M.D., attending physicians at 
the Methodist Children’s Village, kindly made the medical examinations, the 
physical measurements and were responsible for maintaining the health of the 
children. 

*The late T. Wingate Todd, M.D., and C. C. Francis, M.D., Western Reserve 
University, cooperated generously in a most helpful way by evaluating the skeletal 
maturity of all the children contacted, particularly those finally chosen for the 
metabolic study. 

*The basal diet was composed of: apple, banana, beef, white and whole wheat 
bread, butter, cabbage, carrots, cheese, eggs, graham crackers, lettuce, milk, 
peanut butter, potato, shredded wheat or cornflakes, tomato and orange juice, 
sugar and salt. 

*The chemical methods, omitted by space requirements, may be obtained from 


the authors. Methods of analysis will be presented in detail in a forthcoming 
monograph upon the chemical growth of children. 
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ceived 400 gm. of milk incorporated with their basal dietary 
daily for periods of 30 to 65 days (total of 225 experimental 
days); the other child received 600 gm. for 20 days. During 
the second period of observation, two of the children received 
800 gm. of milk daily for 150 to 160 days (total of 310 experi- 
mental days) and the remaining five subjects ingested 1000 
gm. daily for 20 to 40 days (total of 140 experimental days). 
One child was returned to an intake of 400 gm. daily for 20 
days after receiving the 1000 gm. feeding daily. The protein, 
fat and acid-base values of a representative sample of the 
basal foods, and of 100 gm. of milk, are: 


Cal- Mag- Potas- Total 

Protein cium nesium Sodium sium base 

gm. meq. meq. meq. meq. meq. 

Basal foods 46.8 12.4 16.6 73.2 42.5 144.7 

100 gm. milk 3.1 5.9 1.0 2.1 3.8 12.8 

Phos- Total Base minus 

Fat phorus Chlorine Sulfur acid acid * 

Basal foods 45.1 37.1 73.3 31.5 141.9 2.8 
100 gm. milk 3.1 5.2 3.0 1.7 9.9 2.9 











*The acid-base mineral value: milliequivalents of ‘excess base.’ 


In the calculation of the acid-base value of food the fact 
that the organic forms of phosphorus and sulfur do not bind 
base is a source of error that is recognized but cannot be 
controlled. During growth, however, it is mitigated some- 
what by the fact that part of the phosphorus and most of the 
sulfur are deposited in organic form in the soft tissues of the 
body. When the organically bound phosphorus and sulfur 
are metabolized they contribute acid to the excreta which is 
not represented as such in the food. Inasmuch as nothing is 
known of the proportion of the different forms of the several 
elements in the food it seemed best for all practical purposes, 
especially in this study of growing children, to consider all 
of the minerals as entering into the acid-base value and to 
use 2.as the valence of sulfur and 1.8 as the valence of phos- 
phorus (Shohl, ’23). This procedure is justified further on 
the basis of previous studies (Hummel, Hunscher and Macy, 
in press; Souders, Hunscher, Hummel and Macy, in press). 
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The basal diet used in the study, exclusive of milk, contained 
only 2.8 milliequivalents (28 cc. 0.1 N alkali) of base in excess 
of acid. The addition of milk to this diet enhanced its basic 
qualities and thereby caused considerable change in the rela- 
tive proportions of the various elements and the extent of 
their contribution to the acid-base value of the food. The 
quantities of the different elements in the basal foods and 
the amounts of the same elements which are added by each 
increase of 100 gm. of milk, have been given in order to bring 
out more clearly the changes in the proportion of each con- 
stituent resulting from dietary change. 

The largest difference between the acid-base values of the 
diets with and without 400 gm. of milk is attributable, for 
the most part, to the change in calcium content. There was 
an increase of nearly 200% in this element due to the milk, 
i.e., 400 gm. of milk contributed almost twice as much calcium 
to the intake as did all the basal food constituents; or, on the 
basis of the different levels of milk, each 100 gm. of milk 
supplied in the diet added 50% as much calcium as was sup- 
plied in all the other foods used in the diet. The inclusion 
of 400 gm. of milk raises the average daily excess base value 
of the diet from 2.8 to 14.4 milliequivalents, an increase of 
11.6 milliequivalents; with 1000 gm. of milk the diet contained 
more than eleven times as great an excess of base over acid 
as the foods without any milk. 

The next largest contribution of milk to the diet was phos- 
phorus. The 400 gm. portion of milk contained slightly more 
than 50% of the amount of phosphorus found in all the other 
foods. When supplied in amounts of 800 gm. or larger it 
furnished the greater part of the phosphorus in the diet. In 
addition to calcium and phosphorus, the potassium and chlo- 
rine content of the diet was enhanced to a great degree, 
amounting to 89 and 42% increases, respectively, with the 
addition of 1000 gm. of milk. Milk is usually considered a 
poor source of sulfur, yet the sulfur content of the diet is 
augmented by 21, 31.7, 42.5 and 53% by the addition of 400, 
600, 800 and 1000 gm. of milk, respectively. In a like manner 
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the protein in the total diet was increased daily from 59.1 to 
77.5 gm. (26.3 to 65.8%), and the fat from 57.5 to 76.1 gm. 
(27.5 to 68.8%) when the milk levels were changed from 400 


gm. to 1000 gm. 


RESULTS 


The average daily nitrogen and acid-base balances, together 
with the recumbent length and weight gains of the children, 
are shown in table 1. All of the subjects stored nitrogen, acid 
and base during the study. When the food intake was aug- 
mented by adding milk the retentions increased, as did the 
levels of excretion in the acid and base in both the urine and 
feces. The children with the highest intakes per kilogram 
of body weight, however, did not always have the highest re- 
tentions. D.P., the child with the lowest average daily intake 
per kilogram of body weight of both acid and base, 7.4 and 
8.1 milliequivalents, respectively, showed the lowest average 
retention of base, 0.7 milliequivalent per kilogram daily, but 
not the lowest retention of acid. With 400 gm. of milk in the 
diet, the average excess of base over acid in the intakes was 
0.6 milliequivalent per kilogram per day (6 ce. 0.1 N alkali) 
and the range, 0.5 to 0.7 meq./kg. When the level of milk 
ingestion was raised to 1000 gm. the average excess of base 
over acid in the intakes increased to 1.6 meq./kg./day. Four 
of the seven children showed a storage of excess base on all 
the levels of milk throughout the study. From the means and 
ranges of the intakes and retentions of total base, total acid, 
and excess base a marked correlation was observed. 

Although the urine constitutes the major outlet of both acid 
and base, the urine of these subjects at all times contained an 
excess of acid over the base and the feces always contained 
more base than acid. Milk contributed appreciable quantities 
of fat to the diet, but the excretion of an excess of acid in the 
urine was practically unaffected by the dietary changes, while 
the amount of excess base in the feces (probably to a great 
extent in the form of calcium soaps) increased during inges- 
tion of the larger quantities of milk (unpublished data). These 
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findings point to the importance of the bowel as a significant 
excretory pathway in the control of acid-base mineral balance, 
in spite of the effective mechanism used by the kidney in 
maintaining acid-base equilibrium of the body. 

Table 1 illustrates differences among individuals as well as 
the changes in mean retentions corresponding to increases or 
decreases in intake. Considering both increase in intake and 
individual differences the Analysis of Variance Method 
(Snedecor, ’34) enables us to conclude that the differences in 
mean retentions of total base, total acid and excess base are 
all statistically significant for the change from 400 to 1000 
gm. of milk; when the change in level of milk intake was from 
400 to 800 gm. per day the differences in the mean retentions 
of total base and total acid were statistically significant. 
Although the changes in quantity of mineral elements ingested 
produced corresponding and significant differences in the re- 
tentions, it is apparent that the retentions of the different 
children are primarily characteristic of their inherent physio- 
logic needs. 

The children showed gains in recumbent length and weight 
during the course of the study, but the amounts of these gains 
seem to have no direct relationship with the quantity of ex- 
cess base stored. The children all retained nitrogen through- 
out the study, ranging from 2.1 to 40.4 mg. per kilogram of 
body weight daily on the 400 gm. level of milk intake to 46.0 
to 60.7 mg. during the 1000 gm. intake. The lack of relation- 
ship between the amount of storage of excess base and gains 
in weight or recumbent length is best illustrated by C.L. This 
child received 400 gm. of milk in her diet for a period of 40 
days, during which time she maintained acid-base mineral 
equilibrium and gained in recumbent length and weight, 0.015 
em. and 0.011 kg. per day respectively. During this period 
she stored, on the average, 14.9 mg. calcium and 28.1 mg. of 
nitrogen per kilogram of body weight. For the next 20 days 
1000 gm. of milk were ingested daily; the nitrogen and calcium 
storages rose to 53.5 and 28.9 mg. per kilogram of body weight 
respectively, and the retention of excess base increased to 
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0.5 milliequivalent while the gain in recumbent length rose to 
0.05 em. and the weight to 0.045 kg. daily. During the last 
20 days of the experiment this child was returned to a 400 gm. 
level of milk. The storage of excess base dropped only slightly 
to 0.4 milliequivalent, the nitrogen to 35.2 mg. and the calcium 
to 15.2 mg. per kilogram daily. The recumbent length rate 
of gain, however, continued to increase to 0.08 em. daily, while 
the weight remained stationary. 

These results indicate that neither the recumbent length, 
the weight gains, nor the excess base balance, alone, give an 
index to the type of chemical growth that is taking place. 
The retention of nitrogen is a more exact measure of growth 
than is the increase in weight, which may be due in a varying 
degree to body water or fat. Space does not permit discus- 
sion of the interrelation of the various acid-base mineral ele- 
ments in growth, but this will be the subject of future publica- 
tions. Because of the accuracy and frequency with which 
the recumbent length measurements and weights were taken, 
however, they contribute significant information which corre- 
lates with the metabolic balances of eleven different chemical 
elements and constituents in specific types of chemical inter- 
relationships. With the changes to higher levels of milk in- 
take the increased calcium: phosphorus ratios indicate gains 
in rate of synthesis of skeletal tissue over the rate of soft 
tissue construction, and bear out the fact that the kind of 
chemica) growth accruing at any particular time is character- 
istic of the individual child with his peculiar inherent physio- 
logic needs in response to the growth impulse as well as to 
the type and quantity of food that he consumes. 

It seems apparent from these data that the extra base sup- 
plied by the additional quantities of milk caused a greater 
positive base balance in these seven growing children, although 
unrelated quantitatively to the actual gains as measured by 
recumbent length and weight. The children were at all times 
storing both basic and acidic minerals, even on the mixed diet 
with 400 gm. of milk, but the base balance was not always 
positive during the lower level of milk ingestion. It was not 
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until 1000 gm. of milk were given daily that the level of ex- 
cess base retention for these children approximated the 10 ce. 
of 0.1 N base suggested by Shohl (’23) as being desirable for 
growth. 


SUMMARY 


The nitrogen, acid (phosphorus, chlorine, sulfur), base (cal- 
cium, magnesium, sodium, potassium) and ‘excess base’ bal- 
ances are given for seven healthy children, ages 5 to 10 years, 
over 715 experimental days, when they were consuming 400, 
600, 800 and 1000 gm. of milk daily. Not only are the various 
quantities of the elements changed in the diet but the pro- 
portion of one to the other is appreciably changed when dif- 
ferent levels of milk are incorporated in a known fixed dietary. 

Due to the inherent physiologic conditions characteristic of 
the individual child and not always amenable to control or 
adjustment, each child served as his own control and was 
observed on two different levels of milk. Again, due to the 
variability of metabolism from day to day, especially in chil- 
dren, each observation period extended over 20 or more con- 
secutive days on a given intake of milk, but in one case it 
extended as long as 160 consecutive days. The basal 
diet was kept constant in quality of mixed foods though the 
quantity was adjusted to meet the physiologic needs of the 
individual child; the average daily intake including 400 gm. 
of milk per kilogram of body weight amounted to: 79.3 
calories, 3 gm. of fat, 9 gm. of carbohydrate, 2.5 gm. of pro- 
tein, 41 mg. of calcium and 56 mg. of phosphorus. 

All children were storing both acid and base throughout 
the entire study but the quantity stored was greater during 
ingestion of the larger amounts of milk. The mean daily 
balance of ‘excess base’ for all the children on the 400 gm. 
intake of milk was 0.2 meq. (2 cc. 0.1 N base) per kilogram 
of body weight as contrasted with 0.9 meq. (9 cc. 0.1 N base) 
during the daily ingestion of 1000 gm. of milk. 
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Research literature in the field of nutrition abounds in un- 
explained variations and discrepancies owing to numerous 
biological variables which are difficult if not impossible to 
control. This is especially true of those data obtained in 
investigations dealing with various phases and forms of mal- 
nutrition. Investigators have long recognized certain influ- 
encing factors and have attempted to determine the relative 
magnitude of their respective influences on the ultimate ex- 
perimental results. The importance of heredity and previous 
nutritional history of the experimental subjects, together with 
such factors as age, sex and size, have been rather extensively 
investigated. Other factors including radiant energy and en- 
vironmental temperatures and humidities have also received 
consideration. Although it has been frequently assumed that 
a relationship exists between the physical activity of an ex- 
perimental animal and its nutritional response, little actual 
experimental work has been done toward establishing the 
relative significance of this factor, and these efforts have been 
directed mainly from the standpoint of energy requirements. 

* Authorized for publication December 9, 1938, as paper no. 876 in the journal 
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It appears that adequate investigations have not been con- 
ducted regarding either the relationship of physical activity 
to the vitamin requirement of various species of animals or 
to the effect of vitamin intake on the inclination of such ani- 
mals to exercise. Yoshiue (’22) reported that vitamin B de- 
ficient rats which were exercised died before developing the 
muscular paralysis typical of this deficiency. Blacklock (’24), 
on the other hand, has expressed a belief that lack of exercise 
accelerates and accentuates the ill effects of diets deficient in 
vitamin B. This author cites the fact that the disease beri 
beri most frequently occurs in institutions and in those situa- 
tions where a fixed diet and some degree of confinement are 
usually maintained. Keith and Mitchell (’23) placed rats re- 
ceiving a vitamin A deficient diet in cylindrical boxes and 
rotated the boxes at the rate of thirteen revolutions per min- 
ute for periods ranging from 30 to 40 hours per week. Asa 
result of the studies these authors concluded that exercise 
distinctly hastened the appearance of the symptoms of vita- 
min A deficiency and hastened the death of young animals 
receiving vitamin A deficient diets. Similar studies carried 
out by these authors while employing diets deficient in vitamin 
B did not show that the requirement for this dietary factor 
was affected by exercise. In addition to these citations, numer- 
ous authors have inferred that they recognized certain influ- 
ences of exercise on vitamin requirement as well as increased 
physical activity as the result of adequate vitamin intake, 
although no data were given in support of such statements. 

It would seem that if exercise does influence vitamin re- 
quirement some of the variations in individual response of 
experimental animals comprising a carefully selected group 
might be due to differences in physical activity of different 
animals in the group, and also that differences in responses 
obtained by different investigators might be at least partially 
explained on the basis of the difference in the degree of free- 
dom allowed the experimental subjects. With these thoughts 
in mind it appeared that the influence of exercise or activity 
of the experimental animal on its vitamin requirements and 
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also the effect of vitamin intake on physical activity merited 
further study. The present report is concerned primarily 
with the influence of exercise on the development and well 
being of the growing rat in the presence and absence of vita- 
min A. Similar studies are now under way with reference 
to other vitamins. 


EXPERIMENTAL 


The investigation consisted essentially of a comparison of 
the physiological activity and growth responses of comparable 
groups of young rats while being maintained under identical 
conditions with the exception of the amount of exercise per- 
mitted by the types of caging employed and of the vitamin A 
intake. The experimental equipment consisted of three sets 
of individual all-metal cages, of which two sets were of rotat- 
ing type, having a wheel approximately 14 inches in diam- 
eter that was equipped with a registering cyclometer. One 
set of the rotating cages was so arranged on one side of a 
large table that the wheels could be rotated at a definite speed 
by means of a continuous belt driven by an electric motor 
through a gear reducing mechanism. The second set of ro- 
tating cages was arranged on the opposite side of the table 
and the wheel of each cage was adjusted so as to allow uni- 
form freedom of rotation. The third set of cages consisted 
of our regular laboratory cages, each of which had approxi- 
mately 120 square inches of floor space. All cages were pro- 
vided with raised screen floors. Clean paper was kept under 
the cages. 

Healthy rats, 21 to 23 days of age and weighing approxi- 
mately 45 gm., were used as the experimental subjects. A 
special effort was made to place comparable animals of the 
same litter, sex and body weight in the three respective groups. 
All animals were fed ad libitum a vitamin A deficient basal 
diet which consisted of: purified casein 18, salt mixture 3, 
Cell-U-flour 2, dextrinized cornstarch 77 and irradiated yeast 
8. Clean distilled water was available at all times. 
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Each set of animals was subdivided into two groups. Ani- 
mals of one group received only the vitamin A deficient diet 
until depleted of their body reserve of this vitamin, while the 
animals of the second group served as positive controls and 
in consequence each received 2 U.S.P. units of vitamin A 
daily. After being depleted, the animals of the former group 
also received this quantity of vitamin A daily for a period 
of 35 days. 

The animals of the forced exercise group were allowed 
access to the rotating wheel only during the period of rota- 
tion. During the remainder of the time they were confined 
in the small side cage (60 square inches of floor space) con- 
taining the food and water. The animals of the voluntary 
exercise group and those housed in the stationary cages were 
allowed free access to the entire cage at all times. 

Observations made on a group of normal young rats which 
received our breeding colony diet, housed in the above type 
of rotating cage and allowed freedom of exercise, had shown 
that an average of 1000 revolutions per day was made during 
a period of 70 days. This number of revolutions was taken, 
therefore, as the basis for the maximum daily rotation of the 
forced exercised groups. Previous observations had also 
indicated that a speed of approximately six revolutions per 
minute, with this particular type of cage, was the most effec- 
tive in keeping the animals in constant motion. Speeds less 
than six revolutions per minute allowed the animals to stop 
frequently, while greater speeds tended to cause the animals 
to cling to the wheel and ‘ride’ instead of exercising as was 
desired. At the above rate of rotation, approximately 3 hours 
per day were required to rotate the cages of the forced exer- 
cise group 1000 revolutions or a distance of approximately 
0.7 mile. This period of rotation was always started in the 
early forenoon following the weighing of the animals. At the 
end of the rotation period each animal was again returned to 
the small side cage containing the food and water where it 
remained until the following day. 
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A daily record was made of the weight of the animal, the 
amount of food consumed, the number of fecal pellets and 
the number of revolutions made by the wheels of the rotating 
cages during the previous 24 hours. All fecal matter was 
removed from the cage pans daily and stored in glass con- 
tainers. At the end of each week the fecal collection from 
each rat was dried and weighed. Daily observations were also 
made of the animals in an effort to detect the onset as well as 
the relative stage of the symptoms characteristic of vitamin 
A deficiency. As the body weight of each animal ceased to 
increase and symptoms of xerophthalmia appeared in one or 
both eyes, the animal was given daily doses of 2 U.S.P. units 
of vitamin A as a supplement to the deficient diet (see above). 
The duration of the experimental periods for all animals 
ranged from 64 to 71 days, depending upon the time required 
to deplete the respective animals. Those animals receiving 
the vitamin A supplement from the beginning of the experi- 
ment were continued under observation for a period of 70 
days. 

DATA 

In order to conserve space the data obtained for individual 
animals have been reduced to group averages and are pre- 
sented in the following charts (see figs. 1 to 5 inclusive). Only 
data from those animals which survived the entire experi- 
mental period have been used in tabulating these summaries. 


DISCUSSION 


It was observed at the beginning of the experiment that 
those animals housed in the rotating cages and composing the 
forced exercise group were unable to undergo the full 1000 
revolutions before becoming completely exhausted. In order 
to avoid any possible vitiating effect of over exhaustion on 
subsequent responses, these animals were exercised during 
the first few days of the experiment to the point of partial 
exhaustion and the number of revolutions was increased daily 
until the end of the first week at which time the cages were 
undergoing the desired 1000 revolutions daily. 
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It may be observed from the data presented in figure 1 that 
exercise, under the conditions of this experiment, had a meas- 
urable depressing effect on the rate of growth of young rats 
irrespective of the vitamin A intake. The effect of this fac- 
tor on the rate of growth was, however, somewhat greater 





THE EFFCT OF EXERCISE ON INCREASE IN BODY-WEIGHT. 


Fig.1 The effect of different amounts of exercise on the growth rate of young 
rats while being maintained under comparable dietary conditions except as to 
their vitamin A intake. 


among those animals which had been previously depleted of 
their body store of vitamin A. These findings are further 
emphasized by the data presented in figure 2 relative to the 
effect of exercise on the total change in body weight during 
the entire experimental period. Here again the animals of 
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the confined groups, both with and without vitamin A, made 
the greatest increases in body weight. No attempt was made 
to determine the chemical nature of the weight increases of 
the respective groups of animals. 

The data presented in figure 2 concerning the total food 
intake of the various groups of animals are somewhat sur- 
prising in that it was expected that greater physical activity 
would result in greater food consumption in order to com- 
pensate for the greater energy exchange involved. Such is 





AV. BODY-WEIGHT CHANGE. AV.FOOD INTAKE AV.NO. FECAL PELLETS. 


Fig.2 The relative effect of exercise on the average body weight increase, 
average food intake and average number of fecal particles voided by young rats 
receiving a diet with and without vitamin A. 


not indicated by the data obtained, for in each instance the 
group of animals undergoing the least amount of exercise 
consumed the greatest amount of food. Similar results have 
been reported by Keith and Mitchell (’23). While no ex- 
planation can be offered at this time for the suppressing effect 
of exercise on food intake, it seems highly probable that the 
physical effects of the 3 hours of rotation during the fore- 
noon are important considerations. 
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Another unexpected observation is the close similarity in 
the total amounts of food consumed by the animals of the 
corresponding groups irrespective of their vitamin A intake. 
These findings can at least be partially explained on the basis 
of the high food intake of the depleted animals during the 
35 days the vitamin A supplement was fed. 

Figure 2 also contains data concerning the effect of exercise 
on the average number of fecal pellets voided by the different 
groups of animals during the entire experimental period. It 
will be observed that while the number of fecal pellets voided 
by the different groups of rats did not vary widely, in each 
instance those animals composing the forced exercised groups 
voided the greatest number of pellets. These findings may 
be interpreted as signifying a favorable effect of exercise on 
intestinal motility and, in consequence, on elimination. Ex- 
ercise is generally believed to have a similar effect on humans. 

When one considers the total weight of the fecal matter, the 
relative proportions of food excreted as fecal matter and the 
average weight of the fecal pellets voided by the various 
groups of animals (fig. 3) differences between the groups 
become more significant. In all instances those animals of 
the confined groups voided the greatest weight of fecal matter, 
the greatest percentage of fecal matter and the heaviest fecal 
pellets. The lower percentage of fecal matter from the ani- 
mals of the exercised groups might be explained on the basis 
that these animals were more efficient in the utilization of 
part or all of the constituents of their food than were com- 
parable groups of animals which were not exercised. The 
smaller fecal pellets from the exercised animals further indi- 
cate increased intestinal motility among the animals of these 
groups. 

From the data presented in figure 4 it may be observed 
that exercise has a significant effect on the time required for 
the cessation of growth and for the onset of xerophthalmia 
among rats receiving a diet deficient in vitamin A. The values 
given in these graphs represent the averages for all animals 
of the respective groups. It may be seen that it required, on 
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TOTAL WT. FECAL MATTER. PERCENT FECAL MATTER. AV.WT. FECAL PARTICLES. 


Fig.3 The effect of exercise on the total weight of fecal matter, percentage 
of fecal matter and average weight of fecal particles voided by young rats while 
receiving diets comparable in all respects except as to the vitamin A content. 





Fig.4 The effect of exercise on the average time required for the cessation 
of growth and for the development of the symptoms of xerophthalmia among 
young rats receiving a diet deficient in vitamin A. This figure also shows the 
relative activity (as measured by rotation of the cage wheel) of comparable 
groups of young rats, of which the animals of one group received daily 2 U.S.P. 
units of vitamin A throughout the experiment, while the animals of the other 
group received no vitamin A supplement during the first part of the experiment 
but received 2 U.S.P. units of vitamin A daily during the last 35 days. 
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an average, 33 days to bring the animals of the forced exer- 
cise group to a constant body weight, while similar animals 
in the confined cages required an average of 27.5 days. Like- 
wise, an average of 34 days was required to produce definite 
symptoms of xerophthalmia among the animals of the forced 
exercised group, while those of the confined group required 
only 29.6 days. These data are not in agreement with those 
obtained by Keith and Mitchell (’23). However, the two 
experimental procedures can hardly be considered compara- 
ble. It seems possible that the vitamin A requirement of 
a young animal may be more definitely related to its rate of 
growth than to its physical activity. It has been frequently 
observed in this laboratory in connection with our regular 
vitamin A assays that those animals which make the most 
rapid rate of growth during the depletion period also are 
the first to develop the symptoms of vitamin A deficiency. 
Hence, it appears logical to assume that the confined animals 
which made the greatest increase in body weight and in con- 
sequence developed the greatest demand for the vitamin, 
should show the earliest symptoms of the deficiency. 

Data are also presented in figure 4 to show the effect of 
vitamin A intake on the physical activity of two comparable 
groups of animals while being maintained in the freely rotat- 
ing cages. These data represent the average number of volun- 
tary rotations made by the animals of the two groups. It is 
to be noted that those animals which had been previously 
depleted of their vitamin A reserves made a total of 22,000 
revolutions during the experimental period, while those ani- 
mals which received 2 U.S.P. units of vitamin A daily made 
a total of 38,000 revolutions in a similar period. 

It was also observed that a number of the animals compos- 
ing the voluntary exercise group did not register an appre- 
ciable number of revolutions during their first week in the 
rotating cages. But with increased familiarity with their 
cage-quarters, all animals of this group showed greater in- 
clination to rotate the wheel. In the case of those animals 
receiving 2 U.S.P. units of vitamin A daily (fig. 5), this in- 
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crease in activity continued throughout the experimental 
period but did not equal the activity previously observed 
among young animals receiving the breeding colony diet. 
Those animals which received the vitamin A deficient diet 
without supplement showed weekly increases in the number 
of rotations until the end of the fourth week when slight evi- 
dences of vitamin A deficiency were becoming apparent. Dur- 
ing the following week, these animals showed a marked de- 
crease in activity which continued through the seventh week, 


7 





© 
WEEKLY VARIATIONS IN PHYSICAL ACTIVITY. TOTAL ACTIV 


Fig.5 The average weekly variation in physical activity and also the total 
activity of two groups of young rats maintained under comparable conditions in 
all respects except as to their vitamin A intake. 


although each animal of this group received 2 U.S.P. units 
of vitamin A daily beginning with the sixth week of the ex- 
periment. During the eighth, ninth and tenth week, all ani- 
mals of this group showed a definite return to activity. In 
spite of this rapid return to activity the average number of 
rotations made by this group of animals was always con- 
siderably less than the number of rotations made during cor- 
responding weeks of the experiment by the animals in a com- 
parable group which had received the vitamin supplement 
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from the beginning of the experiment. These findings further 
emphasize the importance of an adequate vitamin A intake 
in the promotion of vigorous physical activity. 


SUMMARY 


Experiments carried out with carefully selected groups of 
rats as experimental subjects yielded data to show that under 
comparable conditions of experimentation less food was con- 
sumed, smaller increases in body weight were made and less 
severe symptoms of vitamin A deficiency developed when the 
animals were forced to exercise than when allowed to exer- 
cise voluntarily or when confined in the usual type of cage. 

Although animals maintained under the condition of forced 
exercise exhibited the greatest efficiency of food utilization, 
they voided the greatest number of fecal pellets, thus indi- 
cating the beneficial effect of exercise on intestinal motility. 

Animals maintained under the condition of voluntary exer- 
cise and which received daily allotments of vitamin A were 
more active physically than litter mates which did not receive 
the vitamin A supplement, further indicating a relationship 
between completeness of diet and physical activity. 
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There still appears to be some question as to the effect of 
increased amounts of fat in the diet on the thiamin require- 
ments of animals. As Evans, Lepkovsky and Murphy (’34) 
have pointed out, Funk (’14) early suggested that the severity 
of thiamin deficiency symptoms could be correlated with the 
amount of carbohydrate in the diet. There is now ample evi- 
dence that thiamin is related to the metabolism of pyruvic 
acid. 

The first report to show definitely that rats can be main- 
tained with greatly reduced thiamin intakes when the ration 
contains high levels of fat was that of Evans and Lepkovsky 
(728). Salmon and Goodman (’37) have studied the question 
recently and a review of the literature is included in their 
paper. 

We became interested in this problem for two reasons. 
First, we had available a basal ration which was complete in 
all nutrients except thiamin. This ration, described by Arnold 
and Elvehjem (’38), gives normal growth in rats when supple- 
mented with adequate thiamin. Second, we felt that much 
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more uniform results would be obtained if the sucrose in the 
basal ration was replaced by the fat on an isocaloric basis. 
This procedure would not alter the ratio of the remaining 
constituents of the diet. 


EXPERIMENTAL 


Composition of rations. Table 1 gives the composition of 
basal ration 112 as well as the percentage composition of the 
modifications containing varying amounts of fat. In these 
modifications one-fourth (ration 112a), one-half (ration 112b), 


TABLE 1 
Composition of diets showing procedure in replacing sucrose by 
isocaloric amounts of fat 









































CONSTITUENTS R. 112 R. 112a R.112b | R.112¢ R. 112d 
parts| % | parts | % |parts|} % | parts % parts | % 
Sucrose 60 | 60) 45 49.2) 30 rane 15 20.1 
Fat 6.5 7.1) 13 15.7 19.7 26.2 26 | 39.4 
Purified casein 18 18; 18 19.7; 18 21.7; 18 24.1 18 27.3 
Factor W = liver | 
extract 2} 2] 2 22} 2| 24) 2 2.7) 2 | 3 
Autocel. peanuts 10 10; 10 10.9; 10 | 12.1 | 10 13.5; 10 15.2 
Autocl. yeast 4 4) 4 4.4) 4 4.8) 4 54; 4] 6.1 
Salts I 4 4 + 4.4 4 48); 4 5.4 a i @ 
Paper pulp 2 2} 2 | 22) 2 2.4 | 2 2.7 2 | 3 
Total 100*| 100) 91.5 |100 | 83 | 100 | 74.7 | 100 66 | 100 
Caloric ratio 100% | 100% 
sucrose/fat sucrose 75/25 | 50/50 25/75 fat 





* Vitamin A and D supplied separately to all animals as a concentrate. 


three-fourths (ration 112c) and all of the sucrose (ration 
112d) have been isocalorically replaced by fat. It must be 
mentioned that the autoclaved yeast and the autoclaved 
peanuts supply about 6.5% fat to ration 112. The figure for 
the amount of fat in the modifications of ration 112 does not 
include the fat supplied by these ingredients. 

The animals. Albino rats were placed on experiment at 
about 25 days of age at a weight of 40 to50 gm. The animals 
were kept in individual cages equipped with wire screen 
bottoms (two meshes to the inch). Distilled water was ob- 
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tained from inverted bottles suspended on the side of each 
cage. Growth records were obtained from weekly weighings. 
Procedure. The rats were depleted of their thiamin re- 
serves by restriction to ration 112 until the symptoms of 
polyneuritis appeared. Occasionally the rats had limited 
their food intake to the extent that cures were not obtained 
when rations high in fat were offered to the rats. The number 
of such animals was very small and with more careful ob- 
servation such animals were rarely encountered. 
Comparison of growth of rats fed ration 112 supplemented 
with thiamin chloride and ration 112d without added vitamin. 
The composite growth curve of three rats (male) which had 
been polyneuritic and which had then been fed thiamin 


R.u2D R.u20 A120 
COCONUT O& COCONUT OIL BUT 





Fig.1 Growth records of rats fed ration 112 to deplete their thiamin reserves 
and then fed either ration 112 supplemented with 15 micrograms of thiamin 
chloride daily or ration 112d using either coconut oil or butterfat to isocalorically 
replace the sucrose component of the ration. 


chloride are shown in figure 1. The amount of thiamin 
chloride fed (15 micrograms daily) insured good growth. 
Similar growth resulted with the three animals (male) which 
had been brought out of the polyneuritic condition by the 
isocaloric substitution of fat for carbohydrate (ration 112d) 
in the diet. In this instance coconut oil was used. The animals 
which received the vitamin supplemented ration 112 gained 
20.1 gm. per week for the following 6 weeks. The animals fed 
ration 112d (coconut oil) gained 20.5 gm. per week for the 
comparable period. Three rats (female), grew, as would be 
expected, at a somewhat slower rate (fig. 1). The average for 
the three was 14.5 gm. per week for the 6-week period follow- 
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ing the change in rations. The use of butterfat rather than 
coconut oil as in the previous groups made no appreciable dif- 
ference in the growth rates of five rats (female) (fig. 1). The 
curve shown in figure 1 shows a gain of 14.0 gm. per week for 
the 6-week period following the change in diets. The indi- 
vidual growth records of the rats are not significantly different 
from the composite growth records as given in the figure. The 
three control animals fed ration 112 died at the end of the 
fourth week on the diet. 

These results satisfied us that a vitamin sparing action 
could easily be demonstrated on a diet which was adequate 
in all the nutritive factors needed by the rat aside from 
thiamin. 

Results of partial replacement of the carbohydrate by fat. 
Because of the extreme efficacy of fat in alleviating poly- 
neuritis and producing growth when the sucrose was replaced 
by isocaloric amounts of fat in ration 112, we were interested 
in determining the effect of the partial replacement of carbo- 
hydrate by fat. The animals were fed ration 112 until all 
exhibited severe symptoms of thiamin deficiency. The 
animals were then divided into four groups and placed on 
ration 112a, 112b, 112¢ and 112d respectively in which coconut 
oil partially or completely replaced the sucrose. 

The growth of the animals in this experiment is shown in 
figure 2. Ration 112a, which contained 7.1% coconut oil, was 
able to alleviate the polyneuritic symptoms. The recovery 
period, however, was much prolonged. Growth was poor and 
amounted to only 5.0 gm. per week for the 7-week experi- 
mental period. Ration 112b, which contained 15.7% fat, was 
more effective in curing the symptoms and allowed an average 
growth of 5.3 gm. per week. Ration 112c, which contained 
26.2% fat, produced results similar to those obtained on ration 
112d. The former ration allowed growth of 10.3 gm. per week 
for the 7-week period while the animals fed the latter ration 
gained 15.4 gm. per week for the same period. 

The animals fed ration 112d, which contained cottonseed 
oil, coconut oil or olive oil (fig. 2), were continued for 27 weeks 
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on the high fat rations. The female animals in these groups 
had normal estrous cycles as exhibited by vaginal smears. 
At the close of the experiment the females weighed 180 to 
200 gm. and the males about 220 to 260 gm. The animals 
were apparently normal in every respect. 

The effect of various levels of synthetic tricaproin. The 
results obtained with synthetic tricaproin are most interesting. 
The polyneuritic symptoms slowly disappeared when the ani- 
mal was shifted to ration 112a (7.1% synthetic tricaproin). 


R. 1120 "20 
. + 


R20 R.NZATR, 


a. 
COTTONS | 
OiL » On | SYNTHETKC 





Fig.2 Growth records of individual rats fed ration 112 to deplete their 
thiamin reserves and then fed coconut oil at levels which isocalorically replaced 
one-fourth (ration 112a), one-half (ration 112b), three-fourths (ration 112c) 
or all (ration 112d) of the sucrose in the diet. Also growth records of individual 
rats depleted as before and then fed ration 112d where olive oil, cottonseed oil 
or synthetic tricaproin (two levels) isocalorically replaced the sucrose. 


Growth, however, was poor (2 gm. per week) for the 6-week 
period. This animal was then fed ration 112d (39.4% tri- 
caproin) and immediately gained in weight. During the 
5-week period the gain was 10.2 gm. per week. Ration 112 was 
then substituted for 3 weeks during which time there was a 
loss in weight of 4.5 gm. per week. Although this animal had 
been on experiment for 19 weeks, when again fed ration 112d 
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(tricaproin) it made an average gain of 7 gm. per week for 
the following 10 weeks. 

This demonstrated that the requirement for thiamin was 
markedly reduced by as little as 7.1% synthetic tricaproin. 
It further showed that an animal could be made to gain or 
lose in weight merely by varying the amount of fat and sucrose 
in the thiamin deficient ration. 

The effect of autoclaving on the thiamin sparing action. 
A study was made to determine whether the activity of natural 
fats would be decreased by autoclaving the fats for 10 hours 
at 15 pounds pressure. The fats were autoclaved in shallow 
pans at a depth of about 4 inch. 


TABLE 2 
Weekly growth response of polyneuritic rats during the first 3 weeks on ration 112d 
(autoclaved coconut oil) and on ration 112d (autoclaved coconut oil) 
supplemented with thiamin chloride 











AVERAGE GAIN IN WEIGHT APPROXIMATE TIME FOR 
RATION RECOVERY FROM POLY- 
Ist week 2nd week | 3rd week MSUBITIO SYMPTOMS 
: gm. gm. gm. = 
Ration 112d 
(six rats) 23.5 17.7 16.5 3 days 
Ration 112d + 15 
micrograms thiamin 
chloride per day 
(six rats) 30.6 20.0 17.3 5 hours 

















The results in table 2 show the growth response of poly- 
neuritic animals cured on ration 112d (autoclaved coconut 
oil) as compared with autoclaved coconut oil supplemented 
with 15 micrograms of thiamin chloride per animal per day. 
It was quite evident that the vitamin gave a supplementary 
effect only during the first week. This effect gradually de- 
creased until at about the sixth week both groups made equal 
gains. Animals which received the vitamin supplement were 
apparently free from polyneuritic symptoms within 4 to 6 
hours after the administration of the vitamin and immediately 
began to consume the fat ration. Animals on the unsupple- 
mented fat rations regained their appetites more slowly. 
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The above animals were sacrificed at the end of the third 
week for determinations of the cocarboxylase content of the 
livers and brains.’ The tissues of rats fed the high fat diets 
were compared with similar tissues from polyneuritic animals 
and animals which were fed the stock colony ration. The 


TABLE 3 


Cocarboxrylase content of the livers and brains of rats fed ration 112, 
ration 112d or the colony stock ration 





| COCARBOXYLASE CONTENT 
RATION bial: pO te 








Liver Brain 
~emm. COs | cmm. CO, — 
Colony stock ration 536 381 
Ration 112 
(rats polyneuritic) 187 170 
Ration 112d 205 318 








coo 


Fig.3 The growth records of individual rats fed ration 112 until polyneuritic 
symptoms appeared and then fed ration 112d in which synthetic triacetin, auto- 
claved peanut oil, lard or cod liver oil isocalorically replaced the sucrose com- 
ponent of the ration. 


results are summarized in table 3. It is evident that the 
livers from the rats fed the high fat rations are very similar 
to the tissues from polyneuritie rats, while those getting the 
normal ration are definitely higher. The brains do not show 
such great differences. 


*The cocarboxylase values were kindly determined by Mr. M. A. Lipton ac- 
cording to the procedure of Lipton, Potter and Elvehjem (’38). 
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Differences with various diets. The response of poly- 
neuritic animals to ration 112d using various other autoclaved 
natural fats which included peanut oil, lard, cod liver oil and 
cottonseed oil is shown in figure 3. Synthetic triacetin was 
also tested. All fats effectively alleviated the polyneuritic 
symptoms and supported growth. A limited number of ani- 
mals in some groups which had gained weight the first week 
still showed mild polyneuritic symptoms. These symptoms 
usually disappeared within 8 days. Of this group the three 
females on peanut oil, lard and cod liver oil, and the male 
on cottonseed oil showed severe symptoms at the end of the 
first week yet the growth response was 10, 22, 8 and 13 gm. 
respectively. The fact that growth resulted in the presence 
of polyneuritic symptoms indicated that fats produced their 
effect independently of thiamin since the vitamin cured poly- 
neuritis in 4 to 6 hours. 


DISCUSSION 


The results presented in this report are, we believe, not 
entirely at variance with the results presented by the earlier 
investigators. Since Gregory and Drummond (’32) were not 
able to control their experiments with pure thiamin, it is most 
likely that these workers had a multiple deficiency in their 
diets which was masked by the use of yeast concentrates. 
Kemmerer and Steenbock (’33) concluded that fats had no 
vitamin sparing action since the livers and muscle tissues of 
the rats fed the high fat diets contained no more thiamin than 
did the rats fed the vitamin low basal ration. The data pre- 
sented in table 3 corroborate these findings. The livers of the 
rats fed the high fat diets are significantly lower in co- 
carboxylase than the livers from rats fed the colony stock 
ration. The evidence, therefore, shows that while the animals 
are unable to build up or maintain their thiamin reserves 
they are still able to obtain energy from the metabolism of 
fat for growth purposes. The data in table 3 add further 
evidence for the view that the basal ration is extremely low 
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in its thiamin content although we are unable completely to 
rule out the possibility that it does carry traces of the vitamin. 

In certain respects the results presented here do not agree 
with those of Salmon and Goodman (’37). These investi- 
gators observed 100% incidence of polyneuritis in rats fed a 
thiamin low ration which contained 40% of cottonseed oil, 
pecan oil, linseed oil, soft lard, beef fat, olive oil or butterfat. 
The average time for the onset of the polyneuritis symptoms 
in the rats fed the latter three fats was apparently the same 
as that on the low fat ration (p. 484, table 3, 37 days). The 
nutritive ratio of the 40% fat diet used by these workers was 
approximately 5.7: 1 which corresponds to a low fat diet with 
about 15% protein. It is possible that the diets fed by these 
investigators were low in factors other than thiamin since 
growth responses also resulted when autoclaved yeast was 
added to the diet (p. 483, fig. 1). It may be noted that when 
the autoclaved yeast supplemented to a high fat diet was 
increased sufficiently no cases of polyneuritis were observed 
(p. 484, table 3). It is also seen that even in the presence of 
adequate thiamin (p. 483, fig. 2, curve 5) growth was less than 
2 gm. per day during the first 8 weeks on experiment. We 
have previously found (Arnold and Elvehjem, ’38) that even 
autoclaved yeast cannot always be depended upon to supply 
adequate amounts of the members of the vitamin B complex 
other than thiamin. 

Whipple and Church (’36) have suggested that thiamin is 
necessary for fat synthesis because animals on a thiamin low 
diet have a decreased fat reserve while the reserve is in- 
creased upon the addition of the vitamin. The same con- 
clusions were arrived at as a result of studies on the respira- 
tory quotient (Whipple and Church, ’37). It is not possible 
from any present work to determine whether thiamin is 
specifically necessary for fat synthesis. However, we would 
like to point out that the decreased fat stores can be ex- 
plained in a slightly different way in the light of our results. 
In thiamin deficiency the rat preferentially metabolizes fat as 
opposed to carbohydrate. This wipes out the fat reserves. 
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In the presence of thiamin the rat is able to metabolize 
carbohydrate normally both for energy and for fat synthesis 
which allows for an accumulation of fat. The fact that rats 
will eat a ration high in fat when showing polyneuritic symp- 
toms while the intake of a vitamin low-sucrose ration is re- 
duced, indicates that dietary deficiencies influence food choice. 
Barelare, Holt and Richter (’38) have demonstrated the in- 
creased appetite for fat by rats on a thiamin deficient diet 
through free choice experiments. 


SUMMARY 


The evidence indicates that when the carbohydrate com- 
ponent of a thiamin-free ration is isocalorically replaced by 
natural fats or synthetic fatty acid esters the resultant diet 
will alleviate the polyneuritic syndrome of thiamin deficient 
rats. 

Female rats fed a high fat ration (39.4% fat) grew at good 
growth rates and had normal estrous cycles. 

The livers of rats fed a high fat diet were as low in cocar- 
boxylase content as were those of polyneuritic animals. The 
brain tissue of rats fed thiamin-deficient high-fat diets re- 
tained a greater reserve of vitamin containing coenzyme. 

No marked differences have been observed between olive 
oil, coconut oil, autoclaved peanut oil, autoclaved lard and 
autoclaved cottonseed oil as judged by the growth records 
of the rats. 

Synthetic fatty acid esters, tricaproin and triacetin, were 
also effective in alleviating the polyneuritic syndrome of 
thiamin deficient rats. 


LITERATURE CITED 


ArNoLD, A., AnD C. A. ELVEHJEM 1938 Studies on the vitamin B, require- 
ments of growing rats. J. Nutrition, vol. 15, p. 429. 

BaRE.LAke, B., Jz., L. E. Hout, Jk. anD C. P. Richter 1938 Influence of vitamin 
deficiencies on appetite for particular foodstuffs. Am. J. Physiol., 
vol, 123, p. 7. 

Evans, H. M., anp 8S. LepxKovsky 1928 Sparing action of fat on the anti- 
neuritic vitamin. Science, vol. 68, p. 298. 




















THIAMIN REQUIREMENTS OF RATS 495 


Evans, H. M., 8. LepKovsky AND E. A. MurPHy 1934 The sparing action of 
fat on vitamin B. VI. The influence of the levels of protein and 
vitamin G. J. Biol. Chem., vol. 107, p. 429. 

Funk, C. 1914 Studien iiber Beriberi. XI. Die rolle der Vitamine beim 
Kohlenhydratstoffwechsel. Zeit. f. physiol. Chem., Bd. 89, 8. 378. 

Grecory, E., anD J.C. DkuMMOND 1932 A study of fat metabolism with special 
reference to nutrition on diets devoid of fat. Z. Vitaminforsch., vol. 1, 
p. 257. 

KemMERER, A. R., AND H. STEENBOCK 1933 A study of the sparing action of 
fats on the vitamin B content of animal tissues. J. Biol. Chem., 
vol. 103, p. 353. 

Lipton, M. A., V. R. Porrer anp C. A. ELVEHJEM 1938 The relation of vitamin 
B, to cocarboxylase. Biochem. J., vol. 32, p. 474. 

Satmon, W. D., anp J. G. GoopMAN 1937 Aleviation of vitamin B deficiency 
in the rat by certain natural fats and synthetic esters. J. Nutrition, 
vol. 13, p. 477. 

Stirn, F. E., anD A. ARNOLD 1938 The relation of dietary fat to the vitamin B, 
requirement of growing rats. J. Biol. Chem., vol. 123, p. exvii. 

Wuirr.e, D. V., anp C. F. CourcH 1936 The composition of growth induced 
by vitamin B(B,). J. Biol. Chem., vol. 114, p. evii. 

— 1937 The effect of vitamin B, on the respiratory quotient. J. 
Biol. Chem., vol. 119, p. ciii. 











THE HEAT PRODUCTION AND BLOOD AND URINE 
CONSTITUENTS AFTER ADMINISTRATION OF 
d-LYSINE MONOHYDROCHLORIDE 
TO THE DOG 































J. R. DOTY AND A. G. EATON 
Department of Physiology, Louisiana State University, School of Medicine, 
New Orleans 


(Received for publication January 14, 1939) 


Although the literature dealing with amino acids is quite 
large, there yet remain considerable gaps in our knowledge of 
the basic physiological properties of many of these com- 
pounds. To cite briefly only one phase of our incomplete 
information, we may point out the fact that five of the ten am- 
ino acids now generally conceded to be nutritional essentials 
(Rose, ’38), isoleucine, methionine, tryptophane, lysine and 
threonine have never been individually tested to determine 
their effect upon heat production. 

Inasmuch as we have had available adequate quantities of 
lysine, arginine and histidine, it seemed highly desirable to 
add to the existing data by comparatively detailed studies of 
the rates of metabolism of these acids and their effects upon 
the heat production of normal animals. Incidentally such 
experiments would seem to be a very valuable preliminary to 
maintenance of an animal by completely parenteral admini- 
stration of amino nitrogen. 

Although lysine has long been recognized as an essential 
amino acid, little is known concerning its intermediary metabo- 
lism. Dakin (’13) has shown that it produces neither extra 
glucose nor B-hydroxy butyric acid in the phlorhizinized dog. 
Rapport and Beard (’28) considered arginine responsible for 
most of the specific dynamic action of the basic amino acid 
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fraction of proteins, but owing to the high cost of lysine they 
were unable to make a direct test of this substance. So far 
as we are aware, no one has attempted such a study since 
that time. 


METHODS 


Dogs thoroughly trained for metabolic experiments were 
used in this investigation. They were maintained throughout 
on a constant diet and fasted at least 16 hours previous to each 
experiment. The experiments were all performed at room 
temperatures of 25 to 30°C., which is within the range of 
thermal neutrality for the dog. 

Several determinations of basal metabolic rate and also of 
blood amino and urea nitrogen were obtained in a control 
period preceding the administration of the amino acid. Blood 
urea and amino nitrogen levels, as well as heat production, 
were determined hourly during a 6-hour experimental period 
following lysine administration. Heat production was 
measured by the Tissot-Haldane method, urea by the mano- 
metric urease method of Van Slyke (’27) and amino nitrogen 
by the manometric method of Van Slyke (’29). Urine col- 
lections were begun and terminated by catheterization. The 
control period was of approximately 2 hours duration, while 
the experimental period lasted about 6 hours. Both control 
and experimental samples were analyzed for total nitrogen 
by the Kjeldahl method, for urea by the manometric urease 
method of Van Slyke (’27) and for amino nitrogen by the 
manometric method of Van Slyke (’29). The amino nitrogen 
of the urine was determined directly after removal of urea and 
also, in some cases, upon the phosphotungstic acid precipitates. 

In three experiments amytal anesthesia was used. However 
well trained a dog may be, there are times when slight move- 
ments will occur which will increase the heat production 
slightly but appreciably. This does not occur in dogs under 
deep amytal anesthesia and the specific dynamic action is 
unchanged (Eaton, Cordill and Gouaux, ’36). Thus, even a 
small increase in heat production would represent a true 
specific dynamic action. 
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Four experiments were performed with glycine to serve 
as a check on the methods used and to provide a basis for 
comparison with the lysine studies. The amino acids for 
intravenous injection were dissolved in about 60 cc. of water, 
sterilized by heat and injected at a constant rate into a saphen- 
ous vein during a period of approximately 10 minutes. 


RESULTS 


Blood constituents. Average values for blood amino nitro- 
gen following the administration of glycine and lysine are 
presented in table 1. It will be seen that the blood amino 


TABLE 1 


Average values for blood amino nitrogen and blood urea nitrogen after 
administration of glycine or lysine 





MILLIGBAMS PER 100 CO. OF BLOOD 








NUMBER 
AMINO AMINO | Control od 
or METHOD OF Experimental period 
ACID NiITRoGEN| (hours before 
‘en civen | ADMINISTRATION | Given injection) (hours after injection) 
1 |os|1f{[2]{sf[e]s 





Amino nitrogen 





gm. 
4 Glycine | Intravenous 1.796 9.8 9.5 | 29.4/13.9 11.2! 11.6 10.8 
2 Lysine | Intravenous 1.296 9.7 9.5 }19.7 | 13.5 | 12.0 | 12.0 | 12.5 
6 Lysine |Intraperitoneal| 1.466 9.1 9.1 | 19.6 | 14.2 | 12.5 | 11.4| 11.5 


Urea nitrogen 






































4 Glycine | Intravenous 1.796 | 11.6 | 12.0 |15.7/19.3 19.9 | 17.6 15.9 
2 Lysine | Intravenous 1.296 | 12.9 | 13.6 |13.1/13.8 | 13.1/12.2/11.5 
6 Lysine |Intraperitoneal| 1.466 | 12.2 | 12.2 |12.0|13.0|14.7|14.8/ 14.2 





nitrogen level 1 hour after intravenous injection of glycine 
was very much higher than at the same time following lysine 
injection. This difference is due principally to the larger 
amount of nitrogen given in the glycine experiments. Even 
after allowing for the difference in the amount of nitrogen, 
however, we find that the lysine is eliminated from the blood 
somewhat more rapidly than the glycine during the first hour 
when the concentration is high, end somewhat less rapidly 
than the glycine during the third, fourth and fifth hours 
when the concentration is approaching the control figure. 
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From an examination of table 1 it is also evident that lysine 
is metabolized more slowly than glycine, since the blood urea 
nitrogen increase after lysine is very small in contrast to 
the large increase after giving glycine. These two results 
taken together indicate that, when a relatively large amount 
of lysine is injected directly into the blood stream, the com- 
pound is quite rapidly excreted and only a small fractional 
portion is utilized. This fact is strikingly apparent from the 
data in table 2. In the two intravenous experiments an aver- 


TABLE 2 
Average urea and amino nitrogen excretion after administration of glycine or lysine 





























EXCESS URINE AMINO 
aa —~ ‘a? AMINO . METHOD OF uuttines mm NITROGEN 
MENTS — ed OE NITROGEN | otal | Diamino 
4 Glycine | Intravenous 1.790 0.714 0.563 
2 Lysine | Intravenous 1.296 0.524 1.020 
1 | Glycine |Intraperitoneal| 1.790 0.780 0.356 
6 | Lysine |Intraperitoneal| 1.466 0.347 0.629 0.437 





age of only 276 mg. of the amino nitrogen (equivalent to 1.8 gm. 
of lysine monohydrochloride) were retained by the animal 
to undergo metabolism. For this reason we resorted to intra- 
peritoneal injections in the hope that the compound would be 
absorbed more slowly and hence be retained in the body for a 
sufficient period of time to allow more nearly complete utiliza- 
tion. This hope was partially realized. The blood amino 
nitrogen value during the second hour is probably better 
maintained by the latter method. There is also a slight but 
significant increase in the blood urea nitrogen using this 
technic. Lysine, in this case, was being deaminized slightly 
faster than the kidneys eliminated the urea. 

It is an interesting coincidence that in the dog lysine is 
metabolized slowly and is readily excreted when its concen- 
tration in the blood rises appreciably and that (Doty and 
Eaton, ’37) the rate of absorption from the gastro-intestinal 
tract (as determined on rats) also proceeds at a slow rate as 
compared with other amino acids. If the same relative absorp- 
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tion rate is found for dogs, one might be tempted to infer the 
presence of a mechanism for supplying the organism with this 
amino acid at a rate at which it can be utilized efficiently. 
Urinary constituents. The data summarized in table 2 are 
largely self-explanatory. The excess urine urea nitrogen 
after an intravenous administration of lysine was greater than 
after an intraperitoneal injection. This does not, however, 
indicate a more rapid rate of urea formation in the former 
ease. Thus an average of 79% of the intravenously ad- 
ministered amino nitrogen appeared in the urine as such, while 
the extra urea nitrogen excreted, if derived from the lysine, 
would account for 40% of the amino acid nitrogen injected. 
In other words, the extra urinary urea nitrogen was two 
times as large as the amino nitrogen retained by the dog. It 
seems obvious that the marked diuretic action of the lysine, 
when it was placed directly in the blood stream, resulted in 
the washing out of considerable urea in excess of that arising 
from metabolism of lysine. This is further borne out by 
the blood urea nitrogen figures from table 1. It will be noted 
that the blood urea nitrogen actually fell (after intravenous 
injection of lysine) about 2 mg. per cent during the period 
of the experiment. Hence the urine values following the 
intraperitoneal injection must be regarded as more nearly 
representative of the urea formed in the metabolism of lysine. 
When this amino acid was given by the latter method, an 
average of 43% of its nitrogen was excreted into the urine as 
amino nitrogen. Extra urea was equivalent to 24 of the 
remaining 57%. The amount of extra ammonia was in all 
cases too small to be of any significance. Furthermore, the 
extra total nitrogen as determined by the Kjeldahl method 
had a tendency to be slightly lower than the sum of the extra 
urea and amino nitrogen values. There was, then, at least 
33% of the intraperitoneally administered nitrogen which 
could not be accounted for. That this discrepancy was due, 
in any considerable degree, to delayed absorption of the lysine 
from the peritoneal cavity does not seem probable in view of 
the findings regarding blood amino nitrogen. In table 1 it 
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can be seen that the amino nitrogen values of the blood rose 
rapidly during the first hour and by the end of the third or 
fourth hours had subsided to a rather constant level only 
slightly above the control level. We feel justified, therefore, 
in assuming that the greater part of the lysine reached the 
blood stream, that about one-fourth of its nitrogen was trans- 
formed to urea nitrogen, that there was at least a temporary 
storage of about one-third of its nitrogen and that the re- 
mainder of its nitrogen was excreted as amino nitrogen. 

One other point deserves special mention. In the six intra- 
peritoneal experiments the amino nitrogen of the urine was 
estimated both after removal of urea and following precipita- 
tion with phosphotungstic acid. There is considerable dis- 
crepancy between the two values. It would appear that nearly 
one-third of the excess amino nitrogen of the urine appeared 
in some form other than lysine. Further studies of this 
phenomenon will soon be instituted. 



















































































TABLE 3 
Heat production after administration of glycine or lysine 
CONTROL PERIOD EXPERIMENTAL PERIOD AMINO 
ie SRE Pi EXOESS 
wena Waient Average Basal Amino Average | Urine Read uanene 8.D.A. 
Back | wns, | sed | ets | Ope | 
Intravenous injection 
Kilos |Cal./hr.|mg./hr.| gm. |Cat./hr.| \9-/ | mg. |m.Mols.| Cabs 
1 11.4 | 16.70 89.8 | G9.6 | 19.11 | 219.6| 687 49.06 | 0.245 
1 11.4 | 18.92 | 104.7 |G9.6 | 21.17 | 236.0; 659 | 47.07 | 0.239 
1 11.3 18.15 87.0 | G9.6 | 20.87 | 248.5| 832 59.43 | 0.230 
1 11.0 | 18.43 33.7 | G9.6 | 20.98 | 163.8| 677 48.36 | 0.264 
Average 0.244 
1 | 108 | 17.88 | 781 | L845 | 18.40*|170.3| 458 | 16.36 | 0.159" 
Intraperitoneal injection 
1 | 111 | 17.81 | 47.5 | L8.86| 17.75 | 99.0| 243 | 8.68 |—0.034 
Intraperitoneal injection (amytal anesthesia) 
3 | 11.4 | 17.39 | 142.0 | L 9.56 | 17.55 | 205.4| 324 | 11.57 | 0.069 
2 | 98 | 15.95 65.5 | L 9.56 | 15.87 | 143.2} 388 | 13.84 |—0.029 
3 | 10.3 | 15.81 40.9 | L 9.56 | 15.71 |126.2| 438 15.65 '—0.051 
Average —0.004 





1 Rise in second hour period only; dog restless. 
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Heat production. The specific dynamic action of glycine is 
in good agreement with the values previously reported (Eaton, 
Cordill and Gouaux, ’36, and Wilhelmj and Mann, ’30). In 
only two of the experiments on lysine was there any increase 
in heat production (table 3). In one of these the increase was 
so slight as to be insignificant. One other experiment showed 
a rise which was appreciable, however, only in the second 
hourly period when the dog displayed some restlessness. Thus 
this experiment cannot be regarded as indicating any dynamic 
action. We can only say that if lysine does possess a specific 
dynamic action, it is too low to be measured by the usual 
methods. 

Although all attempts to administer lysine by stomach tube 
resulted in vomiting, we cannot say that lysine showed any 
toxic effects. Dog 1 received lysine on four occasions extend- 
ing over a period of 19 days. That no serious kidney damage 
occurred is indicated by a rather constant and low blood urea 
nitrogen value throughout this period. The dog appeared 
in excellent health throughout. Our results do not support 
the findings of Newburgh and Marsh (’25) that lysine is 
definitely nephrotoxic. 


SUMMARY 


Lysine is metabolized much more slowly than glycine. It 
is readily excreted by the kidneys if present in the blood in 
large quantities. 

So far as we are able to determine, lysine does not produce 
a specific dynamic action. 
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Although many papers dealing with arginine have appeared 
from time to time, there seem to be very few data in the litera- 
ture concerning the effect of administered arginine on the 
heat production, the blood constituents and the nitrogenous 
constituents of the urine. 

Thompson (’05a and b) studied the nitrogenous constitu- 
ents of the urine both after feeding and after injecting argi- 
nine. In most of the experiments the greater part of the 
arginine nitrogen could be recovered from the urine, chiefly 
in the form of urea. There was also some increase in the 
ammonia of the urine amounting to the equivalent of about 
10% of the arginine nitrogen. Upon feeding arginine, none 
appeared in the feces, and in fact there was a decrease in fecal 
nitrogen on the experimental days. Arginine, ornithine and 
putrescine could not be detected in either urine or feces. The 
intravenous injection of arginine produced no toxic effects. 

Rapport and Beard (’28) in a single experiment adminis- 
tered 5 gm. of arginine carbonate to a dog. They observed 
an increase in the heat production and in the urinary nitrogen. 
Kiech, Luck and Smith (’31) studied the rate of catabolism 
of arginine injected into rats. They found this substance to 
be catabolized rapidly. Ornithine, if formed, must have been 
utilized almost as rapidly, since at no time could more than 
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11% of the arginine nitrogen be unaccounted for as either 
arginine or urea. 

The present study is an attempt to extend the earlier work 
quoted above and to add further data concerning the rate of 
utilization of arginine. 


METHODS 


With but few exceptions the plan of experiment and the 
methods of analysis have already been described (Doty and 
Eaton, ’39). Urinary amino nitrogen was determined directly 
on the urine (after removal of urea) and also upon the silver 
arginine precipitate prepared according to Block (’34). Am- 
monia was determined by the method of Folin. 

In two of the experiments reported here, 9.9 gm. of the 
arginine monohydrochloride were administered intravenously, 
and in two cases the same quantity was given by the oral 
route. In another experiment in which the amino acid was 
injected intravenously the changes in blood and urine nitro- 
gen constituents were noted, but changes in heat production 
were not measured. For intravenous administration, the ma- 
teria! was dissolved in about 60 cc. of water, sterilized by 
heat and injected into a saphenous vein at a constant rate 
during a period of 10 minutes. An attempt to administer a 
water solution of 20 gm. of the arginine by stomach tube was 
not successful since the dog lost at least a large part of the 
solution by vomiting. Our former experience had demon- 
strated that oral administration of amino acids in water solu- 
tion often resulted in vomiting. Because of this fact, in 
experiment 18 we dissolved the arginine in a warm 2% solu- 
tion of agar agar, allowed the agar to congeal and then forced 
the dog to swallow this solid material. A later test showed 
that the dog would retain 10 gm. of the amino acid in water 
solution when given by stomach tube. In experiment 19 this 
method of administration was used. The results of experi- 
ments 18 and 19 are entirely comparable, the only difference 
being that in the presence of the agar the compound is appar- 
ently absorbed at a somewhat slower rate. 
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RESULTS 


Blood urea and amino nitrogen. The results of blood analy- 
ses are shown in table 1. The control values for both urea 
and amino nitrogen are well within normal limits for the dog. 
The amino nitrogen values in the two intravenous experiments 
show a marked similarity to the figures which Kiech, Luck 
and Smith (’31) obtained by analyzing the entire carcasses 
of rats after injection with arginine. Our amino nitrogen 
values tend to return to control levels in a shorter time, but 


TABLE 1 


Blood amino nitrogen and blood wrea nitrogen values after administration of 
9.9 gm. of arginine monohydrochloride 



































MILLIGRAMS PER 100 OC. OF BLOOD 
SxpEne METHOD OF Contrel period Experimental period 
a sg T | ADMINISTRATION PR a ) (hours after administration ) 
Beh ERA EEE 
Amino nitrogen 
4 15 Intravenous 10.1 | 10.0 14.3 | 11.5 9.4 9.0 9.3 
4 16 Intravenous 10.1 10.0 15.8 | 11.6 | 10.2 9.6 9.4 
5 20 Intravenous 10.4 10.4 20.8 | 14.8 | 11.6 |} 11.2 | 11.2 
4 18 Oral (in agar) 8.1 8.0 8.0 8.4 9.0 9.4 9.4 
4 19 Oral 8.3 8.3 9.1 | 10.2 | 10.5 9.6 8.7 
Urea nitrogen 
4 15 Intravenous 13.6 13.7 17.8 | 20.5 | 22.6 | 21.0 | 18.0 
4 16 Intravenous 13.3 13.3 16.8 | 19.8 | 22.8 | 22.2 | 21.3 
5 20 Intravenous 6.1 6.3 11.6 | 15.1 | 17.4 | 17.1 | 16.1 
4 18 | Oral (inagar)| 16.8 16.8 | 17.8 | 19.2 | 20.6 | 21.8 | 23.4 
4 19 Oral 18.4 18.5 | 20.3 | 22.4 | 23.4 | 24.2 | 24.8 























the dosage of amino acid per unit of body weight was some- 
what lower. With oral administration changes in the curves 
are those to be expected when the rate of absorption is con- 
sidered (Doty and Eaton, ’38). After intravenous injections 
of arginine the blood urea values began rising promptly and 
attained their highest levels within 3 hours. Throughout the 
remainder of the experimental period the figures showed only 
a slight tendency to return to the control levels. The maxima 
are reached with both glycine and arginine at about the same 
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time but with glycine the decrease in blood urea is somewhat 
more rapid. The failure of blood urea nitrogen values to 
return to control levels soon after the termination of the 
specific dynamic action makes the interpretation of the heat 
production rise more difficult. 

Urinary nitrogen. Unchanged arginine appeared in the 
urine in all experiments. Reference to table 2 shows that the 
quantity excreted after intravenous administration is fairly 
large and of about the same order as found in the case of 
glycine when it is given intravenously (Doty and Eaton, ’39; 
Eaton, Cordill and Gouaux, ’36). As would be expected, the 

















TABLE 2 
Heat production and urinary nitrogen after administration of 9.9 gm. of arginine 
monohydrochloride 
EXPERI- NINE 8.D.A. | EXCESS CAL./GM. caL./M M. 
— SECRBTED CAL. | “ar Silane tt 
gm. gm. 
15 (i.v.) 2.97 4.85 0.226 21.44 0.383 
16 (i.v.) 2.88 3.35 0.144 23.26 0.415 
18 (oral) 0.54 5.61 0.288 19.48 0.348 
19 (oral) 0.63 6.88 0.441 15.60 0.279 
Average 19.95 0.356 











excretion following oral administration was very small. By 
this method the concentration of blood amino nitrogen never 
increased more than 2 mg. %. The figures for arginine ex- 
cretion as given in table 2 were obtained by analyses of the 
silver precipitates. Figures so similar were obtained in each 
case from direct analyses of the urines after removal of urea 
that we may infer, as did Thompson (’05 b), that if ornithine 
is formed it is not excreted in appreciable quantities. It 
should be noted, in this connection, that both amino groups 
of ornithine are removed in the Van Slyke analysis and, hence, 
the amino nitrogen values after removal of urea would be 
much higher than those of the silver precipitates if any appre- 
ciable amount of ornithine were excreted. This was not the 
ease. Kiech, Luck and Smith (’31) have inferred from their 
experiments on rats that ornithine, if formed, is probably 
almost as rapidly catabolized as is arginine itself. 
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The values given in table 2 for excess non-arginine urinary 
nitrogen are obtained by deducting four times the amino nitro- 
gen from the Kjeldahl figures. Since they are in close agree- 
ment with the urinary urea nitrogen values the latter are not 
included in the table. In experiments 18 and 19 urinary am- 
monia nitrogen was determined. The excess was 74 and 86 
mg. respectively, a much lower value than that reported by 
Thompson (’05 a). 

Heat production. Our results prove conclusively that argi- 
nine produces a specific dynamic action. There are obvious 
objections to relating the increase in heat production to the 
excess urinary nitrogen or in comparing it with the stimu- 
lating action of glycine. One difficulty arises from the failure 
of the blood urea nitrogen to return to control level soon after 
termination of the specific dynamic action of the arginine. 
It has been demonstrated, by way of contrast, that an equal 
quantity of glycine is metabolized rapidly enough so that the 
blood urea values have returned to the control level in most 
cases by the end of a 5-hour experimental period (Doty and 
Eaton, ’39; Eaton, Cordill and Gouaux, ’36). Since with 
arginine all of the increase in heat production occurs within 
the first 4 or 5 hours, it would probably introduce an addi- 
tional error to collect the urine for longer than the 6-hour 
period. We have calculated our results on the same basis as 
for glycine but call the attention of the reader to the fact that 
these values may be unavoidably higher than the true figures. 
On this basis arginine causes a much lower absolute rise in 
heat production than does an equal quantity of glycine. On 
the other hand, when expressed as Calories per millimol of 
arginine completely catabolized, the dynamic action of argi- 
nine is somewhat higher than that of glycine. One must, of 
course, make allowance on this basis for the high blood urea 
nitrogen at the end of the experimental period. 

So far as we have been able to find, only a single experi- 
ment has been performed on the specific dynamic action of 
arginine. Rapport and Beard (’28) gave 5 gm. of arginine 
carbonate to a dog by mouth. They obtained an increase in 
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heat production of 5.7% above basal. If one recalculates their 
data on the basis used by us, one finds the value of 19.7 Cal./ 
gm. of excess urinary nitrogen. This remarkably close agree- 
ment is most striking when one considers all of the unavoid- 
able error which may creep into metabolic work and also when 
one realizes that different analytical methods were used. 
We are not, as yet, prepared to discuss the specific dynamic 
action of arginine and its cause in relation to the possible 
participation of the guanidine group, ornithine or any other 
substance derived from the arginine molecule. We hope to 
have at our disposal a sufficient quantity of ornithine in the 
near future to extend our studies to this important substance. 


SUMMARY 


Upon either intravenous or oral administration of arginine 
monohydrochloride to the dog there is a prompt and long 
sustained rise in the urea nitrogen of the blood. There is an 
excretion of unchanged arginine in the urine reaching con- 
siderable proportions in the intravenous experiments. Argi- 
nine is metabolized somewhat more slowly than glycine. 

Arginine exhibits a specific dynamic action, which calcu- 
lated upon the basis of the amount administered, is less than 
that of glycine but calculated upon the basis of Calories per 
millimol deaminized is probably slightly higher than that of 
glycine. 

Ornithine, if formed, does not appear in the urine in appre- 
ciable quantities. 

No toxic effects of arginine were noted. 
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